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Biology and the the laws of nature fascinated me from the very beginning of my life. Moreover, I was 
lucky to have a brilliant biology teacher at our grammar school Gymnasium Jírovcova in České 
Budějovice – Jarmila Ichová. She was very enthusiastic, and this enthusiasm passed to almost all of us 
in the class. Although I was later quite indecisive which university to choose (during my grammar 
school studies I was also involved in a small chemical research focused on heavy metal content of fish 
meat), at the very last moment, I decided for studying rather Biology at Faculty of Science, Charles 
University. I attended many interesting courses during my bachelor studies there, but I was mainly 
attracted by various ecological lectures. Therefore, I decided to study Ecology as my master program. 
However, at the same time, I met Dr. Michal Vinkler, which meant a turning point in my scientific 
career. I changed the topic of my bachelor thesis and also the supervisor (to Michal). I was very 
curious, how the PHA-skin swelling test we wished to use in one field experiment was actually 
working (I had my doubts about it) and Michal was just designing an experiment to resolve it (and by 
lucky coincident, he had no students to help him to do it at that time). Which meant I switched from 
almost a pure field work to more experimental one, followed by moving from ecology to evolution 
and immunology and thus to the molecular genetics’ laboratory for my master thesis. Only the birds 
as model species remained. Molecular genetics was for me a completely new field, I had to study a 
lot, but I had great a menthor especially in Anna Bryjova. Moreover, I had the opportunity to start in 
an excellent laboratory of the Institute of Vertebrate Biology ASCR in Studenec, where there was a 
very kind, friendly and inspiring environment (and I am sure, still is). To deepen my laboratory skills, I 
conducted a half-year stay in laboratories of the Natural History Museum at the University of Oslo, 
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knowledge during my doctoral studies at the Department of Zoology, Faculty of Science, Charles 
University. During this period, I was namely inspired by my visit to the Genomics Core Facility 
laboratories in EMBL, Heidelberg where I worked under the supervision of Dr. Vladimír Beneš. 
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bioinformatics. Most of the analyses we decided to run were totally new not only to me, but also to 
my supervisor. I accepted this as my new mission in our team. Very valuable advices on how to 
correctly handle the protein structures provided me Dr. Marian Novotný, Department of Cell Biology, 
Faculty of Science, Charles University. Besides self-teaching, I attended also several courses, out of 
which the most useful were the NGS workshop in Hinxton, Cambridge, UK and the NGS workshop 
lead by Libor Mořkovský (a brilliant mentor) at our department. I applied and improved the gained 
knowledges on genomic data analysis during my research visits to prof. Dave Burt, the Roslin 
Institute, University of Edinburgh, UK and to Dr. Robert Settlage, Virginia Tech University, USA. 
Unfortunately, not all results and all what I learned during my doctoral studies could be involved in 
my PhD thesis, but I strongly believe that everything will be useful for my future carrer. 
The PhD title was (and still is) not the necessary aim for me, but rather a journey. Some kind of a by-
product of my work that I am glad to do, and which makes sense to me.  
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Toll-like receptors (TLRs) are one of the key and presumably also evolutionary most original 
components of animal immune system. As Pattern recognition receptors they form the first line of 
innate immune defence against various pathogens. The proper receptor binding of pathogenic 
ligands is crucial for their correct recognition and for subsequent triggering of an appropriate 
immune response. Because there exists a direct interaction between the receptor surface and the 
pathogenic ligand, host-pathogen coevolution on molecular level can be predicted. Thus, through 
variability of their ligands, TLRs are exposed to extensive selective pressures that may be detected on 
both genetic and protein levels. Surprisingly, the variability we revealed in birds is even higher than 
previously expected based on the reports from other vertebrates, mainly mammals. In my doctoral 
thesis I summarise the results of my contribution to the avian TLR research. We were the first who 
experimentally verify the absence of functional TLR5 in several avian species and duplication of TLR7 
in others. We finally resolved the origin of duplication in TLR1 and in TLR2 family. An important part 
of my research project focused on the prediction of potentially functionally important positions in 
TLRs. We have outlined an investigation strategy universally applicable to any coding genes. 
Moreover, we found that some of the positively selected positions importantly affect the surface 
charge distribution. In passerine birds, we also attempted to find ecological factors determining the 
adaptive evolution in TLRs. However, this attempt was unsuccessful. Besides that, our 
methodological research improved the knowledge of the molecular background of the PHA-skin 
swelling test used for assessing the inflammatory responsiveness related to the TLR function. Since 
further research is highly needed to test the real functional effect of the TLR genetic variation, at the 
end of this thesis I outline several possible future directions.  
 
Key words: 
adaptive evolution, birds, gene duplication, gene expression, host-pathogen coevolution, 
inflammation, protein structure, pseudogenisation, selection, surface electrostatic potencial, TLRs 
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Toll-like receptory (TLR) patří mezi klíčové a evolučně staré součásti imunitního systému zvířat. 
Jakožto receptory vrozené imunity tvoří první obrannou linii proti nejrůznějším patogenům. Správné 
navázání ligandů receptorem je přitom zcela zásadní pro bezchybné rozpoznání patogenů a následné 
spuštění přiměřené imunitní reakce. Protože zde dochází k přímé interakci mezi povrchem daného 
receptoru a patogenními strukturami, můžeme předpokládat molekulární koevoluci mezi hostitelem 
a jeho patogeny. TLR jsou tudíž díky variabilitě svých ligandů vystaveny značnému selekčnímu tlaku, 
který může být detekován jak na genetické, tak i proteinové úrovni. I tak je ale míra variability, kterou 
jsme popsali u ptačích TLR, překvapivě vysoká. Dokonce vyšší, než se dalo očekávat z dříve 
publikovaných prací u ostatních obratlovců, především savců. Ve své doktorské práci shrnuji 
výsledky, kterými jsem přispěla k výzkumu TLR u ptáků. Jako první jsme například experimentálně 
ověřili absenci funkčního TLR5 u několika ptačích druhů, či duplikaci genu pro TLR7 u druhů jiných. 
Také jsme definitivně rozřešili původ genové duplikace v rodině TLR1 a TLR2. Důležitá část mého 
výzkumného projektu se týkala predikce potenciálně funkčně významných pozic u TLR. Navrhli jsme 
postup identifikace těchto pozic, který je univerzálně použitelný i pro ostatní kódující geny. Navíc 
jsme zjistili, že některé z těchto pozic významně ovlivňují distribuci povrchového náboje. U pěvců 
jsme se pokoušeli najít ekologické faktory určující adaptivní evoluci TLR, nicméně bez úspěchu. 
Kromě toho jsme prohloubili znalosti o molekulární podstatě kožní zánětlivé odpovědi vyvolané 
aplikací PHA, která může být použita k ověření funkčních rozdílů mezi různými variantami TLR. Jelikož 
je však navazující výzkum v tomto směru stále potřeba a to hlavně, abychom otestovali skutečný 
funkční význam genetické variability popsané u ptačích TLR, na konci této práce navrhuji několik 
možných směrů, kudy se ubírat dál. 
 
Klíčová slova: 
adaptivní evoluce, genová duplikace, genová exprese, koevoluce hostitele a patogena, povrchový 
elektrostatický potenciál, pseudogenizace, ptáci, selekce, struktura proteinů, TLRs, zánět  
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My PhD thesis focuses on the host-pathogen coevolution as one of the most widespread 
evolutionary associations in the living world. Dealing with such a broad topic I decided to start with 
the hosts and their defence against possible threats from various pathogens, where birds may serve 
as model hosts and Toll-like receptors (TLRs) as model components of the host’s immune defence 
system. By definition, pathogens reduce host fitness through their negative effect on host survival 
and reproduction. In general, infectious diseases in wild living animals present huge risk for both the 
natural populations of other species (Robinson et al. 2010; Staley and Bonneaud 2015), as well as for 
domestic animals and humans (Tsiodras et al. 2008; Reperant et al. 2009; Cunningham et al. 2017). 
This is true especially for wild living birds, which may be colonised by many diseases’ agents (Thomas 
et al. 2007) and are able to move for long distances to rapidly spread any possible threats to 
geographically distant regions (Dhondt et al. 2005; Lawson et al. 2011). Very well-known and 
described is the case of highly pathogenic avian influenza viruses (not only the subtype H5N1) which 
are able to switch the host species and infect not only birds, but also various mammals including 
humans (Reperant et al. 2009). Another widespread disease affecting numerous avian species is 
caused by a protozoan Trichomonas gallinae (Amin et al. 2014). Well documented is the recent case 
of the trichomonosis spread in the Great Britain, where the population of finches decreased in few 
years by up to 35%, representing mortality of half a million birds (Robinson et al. 2010). Another 
avian disease example is from USA, where mortality of more than 20% was revealed in passerine 
birds caused by Salmonella infection with an increasing trend in the last decades (Hall and Saito 
2008). At the same time, up to 60% decrease in the size of US populations of free-living house finches 
have been attributed to another bacterial pathogen, Mycoplasma gallisepticum (Hochachka and 
Dhondt 2000; Dhondt et al. 2005). This epidemic spread very rapidly across North America followed 
by dramatic evolution towards increase in the pathogen’s virulence (Hawley et al. 2013). 
Infectious diseases activate host immune system and subsequently affect other traits including life 
histories, condition or reproduction of infected individuals and thus also the population dynamics 
(Clayton and Moore 1997). The functionality of immune system thus directly influences the total 
individual fitness and thus there must be strong selective pressure to adaptive changes in immunity 
leading towards increasing host’s resistance against particular pathogens causing the diseases. At the 
same time, the selection is acting also on pathogens increasing their ability to successfully overcome 
the host’s immune defence. The host-pathogen coevolution is nicely expressed by the Red queen’s 
metaphor (van Valen 1973), which proposes that species must „run“ (means constantly evolve) as 
fast as they can to stay at least at the same place and evade extinction. This famous phenomenon is 
originally based on Carroll’s idea depicted in the fantasy book for children „Through the Looking-
Glass and What Alice Found There“ (Carroll 1993), where Alice realizes that in nature „it takes all the 
running you can do, to keep in the same place“ (Fig. 1). According to this view, in host-pathogen 
coevolution a never-ending evolutionary arms race is going on between hosts and pathogens 
(Woolhouse et al. 2002). This dynamic process is based on the adaptation in one species that is 
followed by a selection acting in the second species giving rise to the adaptive coevolution. Immune 
system of a host must constantly evolve the capacity of defence against pathogens, because 
pathogens are continuously selected on invention of new weapons and strategies to overcome the 
host’s immunity. The visible consequence of this interaction is besides others the establishment and 
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maintenance of genetic variability in both, the hosts and also the pathogens. At microevolutionary 
level this means that nucleotide substitutions causing functional changes enabling faster and easier 
host recovery from the infection become advantageous and undergo rapid changes in allele 
frequencies within a host’s population. Thus, the immune genotype plays a crucial role in anti-
pathogen defence.  
 
Fig. 1: Host-pathogen coevolution. Alice is trying to run faster than pathogens attacking her. In 
scientific words, coevolution is leading to adaptations in all involved species. Illustration by Kristina 
Hedrick, Lightray Productions, Los Angeles, California reused from Hedrick (2004). 
Selection acting on hosts 
Diversifying selection 
Natural selection is the most important process driving adaptive evolution. Diversifying (disruptive) 
selection describes a scenario of the positive selection when the selection acts against mainstream 
allele and towards the extremes. This increases genetic variability in a population, which is 
necessarily a starting point for making new innovations and thus novel evolutionary adaptations 
(Yang et al. 2000). In most of the cases, the adaptive evolution acts in a particular codon rather than 
in the whole gene locus. To measure the selective forces acting on molecular level at a particular site 
in the genome we can calculate the parameter omega (ω), i. e. the ratio of non-synonymous to 
synonymous substitution rate (dN/dS) among investigated sequences, where the value of ω > 1 
indicates positive diversifying selection, ω = 1 neutral evolution and ω < 1 negative (purifying) 
selection (Miyata and Yasunaga 1980). A powerful and generally popular approach for detecting 
signatures of natural selection from molecular data is a comparative sequence analysis using codon-
substitution models (Yang et al. 2000; Yang 2007; Murrell et al. 2012; Murrell et al. 2013). Particular 
examples of commonly used models I have mentioned in the subchapter Selection analysis in 
Material and Methods section (p. 26) and in the papers included in this thesis. 
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The high level of genetic polymorphism in immune genes is maintained mainly by balancing selection 
(Trowsdale and Parham 2004). Among tree major mechanisms maintaining the long-lasting variability 
in a population belong i) negative frequency-dependent selection, ii) the advantage of heterozygotes 
and iii) selection varying in time and space. The negative frequency-dependent selection occurs 
when possessing a less frequent genotype becomes advantageous, i.e. in cases where fitness of a 
particular genotype at a locus declines with its increasing frequency (Dobson and Hudson 1992; 
Woolhouse et al. 2002; Papkou et al. 2016). So, virtually, hosts with beneficial immune genotype 
which successfully recognize the current common pathogen are in advantage and thereby they 
increase their frequency in a population. Certainly, the genotype frequency is growing only until the 
pathogen finds the way, how to overcome such host immune defence, or until another pathogen 
appears as the common threat. At that moment such genotype starts to decrease in frequency, being 
replaced with another (until then less common) genotype that starts to be advantageous. And since 
the negative frequency-dependent selection is acting, this is running all over again in consequent 
cycles (Fig. 2). In the case of heterozygote advantage, where selection favours individuals 
heterozygous at a particular locus to both homozygotes, resulting in a significantly higher relative 
fitness of heterozygotes in the population (Fisher 1922; Hedrick 2012). This might be for example the 
case, where the higher variability given by two different alleles of a particular immune gene 
(receptor) enable improved detection of possible threats (e.g. recognition of greater spectrum of 
pathogenic variants) and thus more effectively resist infectious diseases, then homozygotes (Penn et 
al. 2002; Savage and Zamudio 2011). Selection varying in space and time is other form of balancing 
selection in which different genotypes have an advantage in different environments. For example, 
the substitution D299G in human TLR4 decreases mortality due to malaria (Mockenhaupt et al. 
2006), but at the same time it is linked with higher risk of septic shock (Lorenz E et al. 2002). 
Therefore, distinct genotypes are beneficial in human populations living in malarian and non-
malarian regions (Ferwerda et al. 2007). 
 
Fig. 2: Negative frequency-dependent selection. Theoretical visualisation of the host-pathogen 
coevolution is shown. Specifically, the situation, where two different hosts genotypes (alleles: H1 and 
H2) come into the contact with two different pathogens genotypes (P1 and P2), is visualised. The host 
genotype H1 successfully recognize pathogen allele P2 but not P1, in contrast to genotype H2 which 
is able to recognize P1 but not P2. The effective immune response is triggered only after successful 
pathogen recognition. Therefore, hosts with currently beneficial genotype (allele) become more 
common in the population. But at the same time pathogens, which are capable to overcome the 
immune response of the more frequent host genotype, are in selective advantage and thus are these 
pathogens also rising in numbers, which results in decrease of the frequency in the previously more 
abundant host genotype in the population. This mechanism drives the selection into permanent cyclic 
oscillations. The figure is adopted from Papkou et al. (2016). 
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Birds as model taxon in evolutionary immunology 
Birds are very interesting group of vertebrates showing many unique adaptations. Being very similar 
to mammals in many physiological aspects (including many important traits like homeothermy and 
endothermy), they also share with mammals many ecological life strategies. Modern birds are very 
diverse - this vertebrate lineage contains approximately 10,000 extant species (Jetz et al. 2012). Most 
of the recent avian lineages originated from a rapid radiation which started on the Cretaceous–
Tertiary boundary 65 million years ago (Mya) and graduated especially during the last 50 Mya (Jetz et 
al. 2012). This closely paralleled mammalian explosive phylogenetic evolution in the early Tertiary 
(Feduccia 1995). Regardless, birds are still surprisingly much less studied than mammals, which is 
true also in the field of immunogenetics. Broader investigation in birds was recently enabled by the 
whole avian genome sequencing projects including the Bird 10,000 genomes project 
(http://b10k.genomics.cn/; Eöry et al. 2015). This public sequencing data allow resolving many 
questions concerning avian adaptations and their evolution (Zhang, Li, et al. 2014) including 
investigation of evolution in particular immune genes (PAPER I.). 
Given their ecology, abundance and diversity, birds represent excellent taxon for evolutionary 
ecology studies of host-pathogen interactions (Clayton and Moore 1997). For example, the avian 
models play a central role in studies of sexual selection, which has been proposed to be one of the 
basic and chief process involved in evolution of anti-parasite resistance (Hamilton and Zuk 1982). 
Even though birds are confronted with similar types of pathogens as mammals, they often solve their 
threat differently and during evolutionary history they evolved diverse adaptations how to defend 
against pathogenic challenges. Moreover, often moving on long distances, birds are important 
pathogen vectors and considering TLRs as the key molecules essential for resistance to the most 
threatening pathogens (including malaria or avian influenza; Ferwerda et al. 2007; Bodewes and 
Kuiken 2018), it is important to investigate the role of TLRs polymorphism in free-living avian 
populations. This may be interesting not only from the perspective of evolutionary ecology but in the 
same time bring highly valuable information to veterinary and hygiene praxis. 
Immune system 
Immune genes belong among the genes under strongest positive selection acting in animal genomes 
(Bustamante et al. 2005; Kosiol et al. 2008; Shultz and Sackton 2019). Among them especially genes 
coding immunity receptors are most often the target of positive selection because they are 
interacting directly with various pathogen associated molecular patterns (PAMPs; Akira et al. 2006). 
Even within a single group of pathogens the variability is enormous (Zdorovenko et al. 2007; 
Dentovskaya et al. 2008; Wang et al. 2015), so how is it possible that hosts are able to successfully 
protect themselves against most of them? Although pathogens evolve their traits improving host 
intrusion more rapidly (thanks to their shorter lifetime), hosts have several important advantages 
including increased variability in immune genes. Resulting high variation within a population ensures 
that at least some individuals from the population possess the immune genotype suitable for 
appropriate detection of attacking pathogen which ensures resistance. In other words, rapid 
adaptive changes in pathogens determine the evolution of variation in host immunity that prevents 
negative effect of the pathogen eventually eliminated by the function of the immune system. Host 
immunity comprises the sophisticated network of various defensive mechanisms operating on 
different levels, in vertebrates represented by innate and adaptive immunity (see Fig. 3 and e.g. 
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Danilova 2006). The functionally heterogeneous mechanisms of innate immunity are evolutionary 
original and typically they form the first and fast host defence, often including inflammation, whereas 
the immunoglobin-based adaptive (acquired) immunity is present since jaw vertebrates, being highly 
specific and involving immunological memory. 
 
Fig. 3: Innate and adaptive immunity. Schematic figure depicts the detection of a pathogen through 
PAMPs by innate immune system mediated by TLRs inducing inflammation as well as activating 
adaptive immunity through improved antigen presentation (via MHC molecule) to T cell. The figure is 
adopted from Kaisho (2008).  
MHC 
Many different genes are involved in host defence against pathogens. However, despite the 
complexity of the immune system, in eco-evolutionary studies the undoubtedly most widely explored 
immune-related gene cluster is the Major histocompatibility complex (MHC; Kaufman 1999; Milinski 
2006), the part of adaptive immune system. The role of MHC is to allow distinguishing self from non-
self antigens by presenting short peptides at the cell surface to various T-cell receptors (Neefjes et al. 
2011). To be able to bind high diversity of peptides, MHC evolved extreme polymorphism (especially 
in the peptide binding region), where up to hundreds of alleles are described even in a single 
population (Klein et al. 2007; Promerová et al. 2009; Sepil et al. 2012). Although highly polymorphic, 
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MHC is not the only one molecule responsible for potential pathogen threat detection. Furthermore, 
based on mapping and association studies it is known that at least half of the genetic variability 
responsible for resistance to infections can be attributed to other immune genes than MHC 
(Acevedo-Whitehouse and Cunningham 2006), suggesting that MHC-independent immune responses 
are also important for the host-pathogen coevolution. 
PRRs 
As good candidate genes for the eco-evolutionary research among non-MHC genes seem to be those 
coding receptors of innate immunity - Pattern recognition receptors (PRRs; Gordon 2002), because 
these receptors form the direct molecular interface between the host and the pathogen structures 
(various PAMPs; Akira et al. 2006; Kang and Lee 2011) and they are thus supposed to be exposed to 
the highest selective pressures from the constantly evolving pathogens. Among innate immunity 
receptors, TLRs belong to the crucial and most-well described PRRs (Kawai and Akira 2010). When I 
started my PhD studies, TLRs were already very well-known molecules with general function 
understood in humans and several mammal species (Smirnova et al. 2000; Ferwerda et al. 2007; 
Shen et al. 2010; Areal et al. 2011; Shen et al. 2012; Smith et al. 2012; Quach et al. 2013). The 
situation in birds was known mainly from the studies in chicken (Leveque et al. 2003; Boyd et al. 
2007; Temperley et al. 2008; Kannaki et al. 2010; Brownlie and Allan 2011), later followed by other 
avian species (de la Lastra and de la Fuente 2007; MacDonald et al. 2008; Cormican et al. 2009; 
Vinkler et al. 2009; Gopinath et al. 2011). Even though TLRs have been intensively studied from the 
immunological and biomedicine perspective in last two decades, the evolutionary point of view 
dealing with the genetic variability within birds retained untouched until recently (Vinkler and 
Albrecht 2009). This was the point where we decided to uncover this missing piece of the puzzle and 
explore the evolution in TLRs in wild-living birds, which was since that time largely overlooked. 
Toll-like receptors 
As a part of innate immune system, TLRs belong among the first elements responsible for the 
detection of potential danger (Kawai and Akira 2010) and thus their importance for successful 
infection defeat is crucial. After specific ligand binding and thus recognising the pathogen through 
PAMPs, TLRs trigger the first (mainly inflammatory) immune response as the reaction to this present 
threat (Fig. 3; Akira et al. 2006; Takeuchi and Akira 2010). Subsequently this signalling also initiates 
adaptive immune response (Iwasaki and Medzhitov 2015) and thereby TLRs build the virtual bridge 
between innate and adaptive immunity. TLRs represent the basic and one of the evolutionary most 
original components of animal immune system responsible for pathogen-recognition. They are 
present not only in all vertebrates, but their homologues named Toll receptors or TLR-like molecules 
are known also in invertebrates (Coscia et al. 2011). These receptors are structurally highly conserved 
(PAPER II.). All TLRs are transmembrane proteins composed from a horse-shoe-shaped ectodomain 
(ECD) built-up by multiple leucine-rich repeat (LRR) motifs that form the interface for the direct 
contact between the receptor and PAMPs, transmembrane domain and intracellular Toll–interleukin 
1 receptor (TIR) domain which enables the downstream signal transmission leading towards 
proinflammatory changes (Fig. 4; Jin and Lee 2008; Kawai and Akira 2010). 
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Fig. 4: Toll-like receptor. 
Structural visualisation of TLR4 
protein, where extracellular domain 
(ECD) is coloured in blue, 
transmembrane region (TM) in 
green, intracellular domain (ICD) in 
brown. TLR important structure 
motives are also highlighted - 
leucine-rich repeats (LRRs) in dark 
blue as a part of ECD and Toll-
interleukin 1 receptor (TIR) domain 
in darker brown as a part of ICD. 
TLR structure was predicted using  
I-TASSER server (Roy et al. 2010), 
receptor domains by SMART tool 
(Letunic and Bork 2018) and 
subsequently graphically modified in 
PyMOL Molecular Graphics System 
(Schrödinger, LLC). 
Inflammation 
Inflammation belongs to the most essential mechanisms of host immunity serving to protection of 
host health through rapid and intensive pathogen clearance (Medzhitov 2008). Inflammation is 
therefore a hallmark of various infectious diseases. It is a tissue-destroying process, in which the first 
step involves recognition of the infection through detection of pathogen- or damage-associated 
molecular patterns (PAMPs or DAMPs; Ashley et al. 2012). The PAMPs comprise of general motifs of 
pathogen molecules that are essential for their survival. These are recognized by PRRs of innate 
immunity, including TLRs (Takeuchi and Akira 2010). After pathogen-derived ligand recognition, TLRs 
trigger intracellular signalling pathway leading to expression of inflammatory cytokines (e.g. IL-1β; 
Fig. 5), which results in inflammatory response and subsequent clearance of the infection (Veerdonk 
et al. 2011). 
However, if the inflammatory response is not regulated properly, especially in the case of excessive 
response, this process can have devastating effects through collateral damage and lead to serious 
pathology (e.g. rheumatoid arthritis, multiple sclerosis, diabetes; reviewed in Ashley et al. 2012). In 
some cases, the damage from self-harm is even greater than the damage caused by the pathogen 
itself, for instance most of the brain neuronal damage from bacterial meningitis or cerebral malaria is 
probably caused by over-reactive inflammatory responses (Ashley et al. 2012). Thus, immunological 
regulation optimises (not maximises) the level of inflammatory response. Cytokines belongs among 
crucial regulatory molecules in this process (Thomson and Lotze 2003). Based on their function, they 
can be divided into two groups: pro-inflammatory and anti-inflammatory. 
The paramount role of TLRs in inflammation is supported by many studies describing the relationship 
between genetic variability in TLRs and various inflammatory diseases in humans (reviewed e.g. by 
Misch and Hawn 2008). Contrary to mammals, in birds these mechanisms are far worse understood. 
So far there is only a single piece of evidence in birds linking disease variation with TLR polymorphism 
(Leveque et al. 2003). More frequently, the infection is experimentally mimicked by sterile 
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inflammation (as typical for eco-evolutionary studies dealing with individual fitness, capability to 
survival, etc.). Among one of the most common agents used to trigger tissue inflammation belongs 
phytohaemagglutinin (PHA; Vinkler et al., 2010). Application of PHA-treatment into subcutaneous 
tissue leads to activation of Th17-mediated immunological pathway due to proinflammatory 
cytokines (IL-1β and IL-6; PAPER VI.), and thus enable us to measure the inflammatory response of 
individual. 
 
Fig. 5: TLR signalling pathway triggers proinflammatory cytokine (IL-1β) expression which induces 
inflammatory response involving phagocytosis. The figure is adopted from Veerdonk et al. (2011). 
Avian TLRs 
Each vertebrate species is equipped with about a dozen of TLRs (Mikami et al. 2012). In its 
phylogenetically original state the avian TLR family consists of ten receptors which are situated on 
cell surface (TLR10[1A], TLR1[1B], TLR2A, TLR2B, TLR4, TLR5 and TLR15) or in various cellular 
compartments as are endosomes, lysosomes and endolysosomes (TLR3, TLR7 and TLR21; Fig. 6; 
Brownlie and Allan 2011). Avian TLR genes are located on both macro and micro chromosomes 
(PAPER I.). Most of avian TLRs have their homologues with conserved function also in mammals 
(Roach et al. 2005; Coscia et al. 2011; Wang, Zhang, Liu, et al. 2016), except for TLR21 presented 
besides birds also in fish (Keestra et al. 2010) and sauropsid’s unique TLR15 (Boyd et al. 2012). As in 
other immune genes, the process of gene duplication plays an important role in diversification of the 
TLR family. Most obviously, the duplication occurred in vertebrate TLR1 subfamily given rise 
TLR10[1A], TLR1[1B] and TLR2A, TLR2B in birds (PAPER I.; Coscia et al. 2011; Huang et al. 2011; Wang, 
Zhang, Liu, et al. 2016). Interesting is the unique and very recent gene duplication of TLR7 
documented in several avian clades (PAPER I.; Cormican et al. 2009; Grueber et al. 2012; Raven et al. 
2017). Not only gene duplication, but also pseudogenisation happened in avian TLR family during the 
evolution, since some of the avian species loss the functional of TLR5 gene and possess the 
pseudogene instead (PAPER I.; PAPER IV.). 
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Fig. 6: Avian TLR repertoire. Schematic illustration of all members of avian TLR family with some of 
their ligands and signalling molecules is given. TLR10[1A], TLR1[1B], TLR2A, TLR2B, TLR4, TLR5 
and TLR15 are situated on cell surface, whereas TLR3, TLR7 and TLR21 in various cellular 
compartments (e.g. endosomes). The possible duplication of TLR7 is also depicted. Original figure 
from Sarkar Lab (2018) is modified according to avian TLR repertoire (Brownlie and Allan 2011). 
TLR ligand recognition 
The nature and beauty of TLR recognition is based on the fact, that their ligands play essential role 
for the survival of pathogens, and, therefore, pathogens cannot avoid expressing these structures. 
Intriguingly, possibly in response to the selective pressures from the host immunity, it has been many 
times shown that PAMPs significantly vary in their structures not only across pathogen species, but 
even among different strains of the same species (see e.g. Zdorovenko et al. 2007; Dentovskaya et al. 
2008; Wang et al. 2015). Through balancing selection, the spectrum of various PAMPs may maintain 
the variability in each host TLR. This system of TLR-ligand recognition enables us to relatively easily 
observe the ongoing host-pathogen coevolution on molecular level at sites where the receptor 
surface comes into a direct contact with various ligands (Fig. 7; Manavalan et al. 2011). Thus, TLRs 
represent an excellent model for studying host-pathogen coevolution. 
The signalling through TLRs is always initiated by (homo- or hetero-) dimerization of the receptors 
that is followed by the binding of a TLR ligand to this receptor complex (for example see Fig. 7). 
Another, very important mechanism regulating the function of receptors involved in nucleic acid 
recognition (i.e. TLR3, TLR7 and TLR15 in birds) is the proteolytic cleavage of receptor ECD’s part 
(Ewald et al. 2011; de Zoete et al. 2011; Garcia-Cattaneo et al. 2012; Kanno et al. 2013; Toscano et al. 
2013; Murakami et al. 2014). Each avian TLR is responsible for specific ligand recognition: for 
example di/triacylated lipopeptides are recognized by heterodimers of TLR10[1A], TLR1[1B], TLR2A, 
TLR2B (Higuchi et al. 2008), lipopolysaccharides (LPS) by TLR4 (Keestra and van Putten 2008), flagellin 
by TLR5 (Keestra et al. 2008), and various nucleic acids such as dsRNA by TLR3 (Zou et al. 2017), 
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ssRNA by TLR7 (MacDonald et al. 2008), or CpG DNA by TLR21 (Keestra et al. 2010). TLR15 appears to 
be unique given its capacity to detect proteases (de Zoete et al. 2011). Thus TLR-based recognition 
allows detection of ligands derived from a wide range of microbes such as bacteria, viruses, parasites 
and fungi.  
 
Fig. 7: TLR-ligand complex. An example of direct contact between TLRs and their ligands is given by 
the case of TLR2 and TLR1 or TLR6 heterodimer (pink, orange and grey) binding various lipopeptides 
(ball-and-stick models) into their lipid-binding pocket (see B and D for detailed view). The figure is 
adopted from Manavalan et al. (2011). 
Vertebrates TLRs can be divided into three different groups based on the continuous hydrogen-bond 
network (asparagine ladder) formed among the asparagine residues on the concave surfaces in the 
neighbourhood of LRRs stabilizing the shape of ECD (Wang, Zhang, Liu, et al. 2016). In birds only two 
of these groups occur: the single-domain TLRs possessing complete asparagine ladder (avian TLR3, 
TLR5, TLR7, TLR15 and TLR21) and the three-domain TLRs where the central part of the horseshoe-
shaped ECD is lacking the asparagine ladder (avian TLR10[1A], TLR1[1B], TLR2A, TLR2B, TLR4; Wang, 
Zhang, Liu, et al. 2016). The ECD architecture correspond with TLR ligand binding: the single-domain 
receptors recognize hydrophilic ligands, such as nucleic acids and proteins and the three-domain 
ones then hydrophobic ligands, such as lipids, lipoproteins and LPS (Wang, Zhang, Liu, et al. 2016). 
The single-domain TLRs appear to be under stronger purifying selection than the three-domain ones 
in mammals, but this has not been shown in birds due to a small TLR dataset available in the time of 
the analysis (Wang, Zhang, Liu, et al. 2016). Although TLRs are structurally conserved proteins (PAPER 
II.), they exhibit very high inter- and also intraspecific genetic variation in birds (Alcaide and Edwards 
2011; Huang et al. 2011; Grueber et al. 2014). But not all of this genetic variability is evolutionary 
adaptive enabling specific PAMPs recognition and thus maintained by balancing selection forced by 
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these pathogens (Ferrer-Admetlla et al. 2008). Selection analysis may help us to distinguish between 
adaptive (pathogen-driven) variability and non-functional neutral mutations. 
TLR genotypes and diseases 
The associations between TLR genotypes and susceptibility to various infections, allergies, 
inflammatory and autoimmune diseases or cancers has been described in humans on many examples 
(summarised in Misch and Hawn 2008; Netea et al. 2012; Medvedev 2013). Contrary to humans (and 
some other mammals), in birds the evidence currently available is scarce and moreover all our 
knowledge comes from studies in domestic chickens. Leveque and colleagues (2003) described the 
association between TLR4 polymorphism and susceptibility to Salmonella infection in Leghorn 
chicken lines. However, much deeper investigation of this relationship is needed, especially in the 
light of the fact that salmonellosis is a significant contributor to mortality in many avian species (Hall 
and Saito 2008). In passerines more than 20% of all mortality events involve salmonellosis and 
transmission to other species might have potentially negative impact on food production, biosafety 
and human health (Brankston et al. 2007; Mellata 2013; Kalmar et al. 2014). One of the possibilities, 
how to contribute to better protection against such infections in birds and also to improve our 
understanding of avian host-pathogen coevolution, would be to focus on investigation of adaptive 
variability in immune genes in free-living species, where the diversity is enormous and the natural 
selection operates unbiased.  
TLR evolution 
TLRs, as molecules of ancient innate immunity, are relatively structurally conserved across species 
(PAPER II.), their homologues are presented even in invertebrates (Coscia et al. 2011), but still exhibit 
sufficient species-specific and intraspecific genetic variation. As mentioned previously, TLRs are 
useful model molecules for studying host-pathogen coevolution, because they enable the direct 
contact between host receptor surface and pathogen-derived ligand molecules (Gay and Gangloff 
2007). So, it has been repeatedly shown, that even a single amino acid substitution may change the 
receptor capability to appropriately recognize the ligand (Keestra et al. 2008; Walsh et al. 2008; 
Resman et al. 2009; Meng et al. 2010; Meng et al. 2011). For example, even a single point mutation 
in horse TLR4 resulted in an amino acid substitution that affected the surface shape and electrostatic 
potential, which dramatically altered the lipid IVa recognition (Fig. 8.; Walsh et al. 2008). A useful 
way, how to predict which amino acid(s) could play such crucial role in receptor function, may be 
adopting the selection analysis involving non-model and rarely studied taxa, such as birds. The 
present evidence to this approach consists of several published papers reporting the detection of 
positively selected sites on interspecific level in various avian taxa (e.g. PAPER I.; PAPER II.; PAPER III.; 
Alcaide and Edwards 2011; Huang et al. 2011; Grueber et al. 2014; Wang, Zhang, Liu, et al. 2016). 
However, only some of these contributions solve the possible functional effects of the detected 
positively selected positions in the investigated species. Is the amino acid substitution present at the 
detected positively selected site nonconservative, i.e. is it likely changing the physico-chemical 
properties of the molecule? Where is the particular amino acid substitution located, exposed on the 
receptor surface, or buried inside the molecule? How far is the detected positively selected site from 
the previously described functionally important region of the receptor? After answering such 
questions, we should be able to predict suitable candidate amino acid positions for further research 
(for exact methodology see PAPER I. or PAPER II.). For example, such candidate positions can be 
subjected to targeted mutagenesis and subsequent in vitro testing of their functional significance, 
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which is important to validate their real function in optimising the responsiveness of avian immune 
system (Voogdt et al. 2018). 
 
Fig. 8: A single point mutation changing the ligand-binding capacities in TLR4. Species 
differences in receptor shape and distribution of the electrostatic potential on receptor surface are 
visualised - the part of human (A and C) and horse (D and F) TLR4 are shown. Encircled residues 
have been swapped between human and horse proteins. In yellow circles, horse TLR4 K398G and 
R401S “humanized mutants” on the left flank of the LRR motif did not affect lipid IVa activity. In orange 
circles, the horse TLR4 R385G “humanized” mutant localized on the right flank lost the ability to signal 
with lipid IVa. The figure is adopted from Walsh et al. (2008). 
Taken altogether, the genetic variability seems to be crucial for function of TLRs, but only little 
attention is paid to evolution of TLR variability in birds. This was also the main reason, why I have 
focused on evolution of TLRs in free-living birds during my PhD studies.  
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Aims of the Thesis 
The general aim of my doctoral thesis is to illuminate the adaptive evolution of Toll-like receptors in 
birds. To achieve this goal, my colleagues and I first decided to focus on various aspects of evolution 
of these key innate immunity receptors, aiming to provide the description of genetic and also protein 
variability of TLRs. We predicted variability both on intra and interspecific levels high in non-model 
free-living birds. Hypothesising the TLRs to be directly influenced by host-pathogen coevolution, we 
strived to identify sites under positive selection in avian TLRs. Expecting high levels of false-positive 
results, we proposed that key adaptive variants should differ in their functional effects. Given that 
TLRs enter into direct molecular contacts with the pathogenic ligand, we predicted especially the 
receptor surface to play an important role in receptor function. Furthermore, we were interested in 
answering the question, how various ecological patterns could influence evolution of avian TLRs. As a 
special part of the project, I also aimed to uncover the molecular regulation of the inflammatory 
process in skin, because measuring this response could be used to study the TLR functional variation 
in birds. 
Therefore, as partial aims of my doctoral thesis I set: 
1) To describe the history and general patterns of TLR evolution on interspecific level in birds  
2) To assess the level of avian TLR polymorphism on intraspecific level  
3) To test for selection acting in avian TLRs  
4) To predict the functional significance of adaptive changes in TLR structures in birds  
5) To identify ecological aspects influencing evolution of avian TLRs 
6) To characterize molecular regulation of inflammation in birds 
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Material and Methods 
In this chapter, I would like to generally introduce the materials used in my research and all main 
methods adopted in the papers included in my doctoral thesis. For clear arrangement I divided this 
section into eight main subchapters: Genetic material, Molecular genetic laboratory procedures, 
Gene expression analysis, Bioinformatics, Phylogenetic analysis, Selection analysis, Conservativeness 
of amino acid substitution, and Protein structure analyses. I mostly describe the used methods only 
briefly, for detailed information see methods in the papers included in this thesis and cited 
throughout the text. 
Genetic material 
Consistent with the focus of my work, the genetic samples were used as the initial and crucial 
material for most aspects of my work in all of the studies. We analysed genetic samples collected 
during sampling procedures in the field (PAPER VI.; PAPER V.). Other very useful tissues for further 
genetic analyses, especially from the species not inhabiting the territory of the Czech Republic, came 
as scientific loans from various genetic banks (PAPER I.; PAPER III.; PAPER IV.), namely from The DNA 
Bank of the Natural History Museum of Oslo, Norway (NHMO), The Museum of Zoology, University of 
Michigan, USA (UMMZ), The Institute of Vertebrate Biology AS CR (IVB) and to these we often 
included also samples of the free-living birds from the Czech Republic we had previously collected for 
our Genetic bank of the Department of Zoology, Charles University (ZCU). Furthermore, whenever 
possible, we downloaded target sequences for at least some of the investigated species from publicly 
available resources, e.g. the National Centre for Biotechnology Information (NCBI) GenBank or The 
RCSB Protein Data Bank (PDB; PAPER I.; PAPER II.; PAPER III.; PAPER IV.). Especially in the case of the 
crucial paper of my thesis (PAPER I.) were most of the investigated sequences extracted from the 
whole-genome data generated by the Avian Phylogenomics Consortium (Zhang, Jarvis, et al. 2014), 
genomes included also in the Bird 10,000 genomes project (http://b10k.genomics.cn/; Avianbase, 
Eöry et al. 2015). 
Molecular genetic laboratory procedures 
Most of the molecular-genetic work was done in laboratories of Institute of Vertebrate Biology, the 
Czech Academy of Sciences in the external research facility in Studenec. Among the main laboratory 
procedures belong: DNA/RNA extraction, PCR product amplification, target sequencing, gene 
expression and copy number analysis. 
DNA/RNA extraction 
The processing of genetic samples started always with DNA/RNA extraction based on the specimen 
type. Working with birds, for majority of the genetic analyses we used blood samples readily 
available for DNA extraction. Compared to mammals, avian erythrocytes possess nucleus (Lucas and 
Jamroz 1961) and thus serve as a rich source of DNA, with very effective processing and yield. DNA 
was extracted in all included papers identically using the DNeasy Blood and Tissue Kit (QIAGEN) 
following the manufacturer’s protocol and subsequently stored at -20 °C. In the case of RNA studies 
included in this thesis (PAPER VI.; PAPER V.), various tissue samples were collected and stored in 
RNAlater (QIAGEN) at -80°C until the RNA extraction. Total RNA was extracted using High Pure RNA 
Tissue Kit (Roche) and the RNA was subsequently reverse-transcribed into cDNA using the 
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Transcriptor First Strand cDNA Synthesis Kit (Roche) and random hexamer primers according to the 
manufacturer’s protocol and stored deeply frozen. 
PCR amplification 
Before Polymerase Chain Reactions (PCR) product amplification, the specific primers must be 
designed. I have typically attempted to locate the primers into conservative regions of the target 
genes that were identified based on alignment of previously known sequences of species as related 
as possible. When designing primers (e.g. using OligoAnalyzer 3.1, Integrated DNA Technologies, Inc.) 
the crucial properties I have considered were: melting temperature during annealing phase of PCR, 
which is influenced by GC content and primer length; predicted secondary structure and the ability to 
form hairpins; and the capacity of homo- and hetero-dimerization corresponding to the free energy 
of the oligo sequence binding to the complement of its own or to the primer-pair sequence. The 
primers designed for all studies included in this thesis were synthetized commercially by Generi 
Biotech. The optimal PCR conditions for all sets of primers were then tested on annealing 
temperature gradient using thermocycler Mastercycler (Eppendorf) and visually checked on gel 
electrophoresis. For 454 sequencing (used in PAPER III. and PAPER V.) the target-specific primers were 
elongated by individual-specific barcodes (Caporaso et al. 2012) as well as by the key sequence 
(TCAG) and specific 454 adaptor sequence (Roche). PCR was in all cases performed using Multiplex 
PCR Master Mix (QIAGEN). Before sequencing, each successfully amplified PCR product was purified 
using Exo-CIP PCR clean up protocol, where Exo (Exonuclease I - E. coli, New England Biolabs) is an 
enzyme that will cut up single-stranded DNA such as primers and unfinished PCR products and CIP 
(Calf Intestinal Alkaline Phosphatase, New England Biolabs) removes dNTPs that were not 
incorporated into the PCR DNA; or using magnetic beads (Agencourt AMPure XP, Beckman Coulter 
Life Sciences) in the case of NGS approach (PAPER III.; PAPER V.). 
Sequencing 
For sequencing we used two different approaches in papers included in this thesis: Sanger 
sequencing and target amplicon next-generation sequencing (NGS). Sanger sequencing was used not 
only for gene description (PAPER IV.; PAPER V.), but also as the first step before expression analysis 
(PAPER IV.; PAPER V.; PAPER VI.), copy number variation (CNV) analysis (PAPER I.), or NGS method (PAPER 
III.; PAPER V.) to sequence the broader region surrounding the region of interest in all genes with the 
aim to ensure the specificity of any subsequently designed primers. For Sanger sequencing the 
purified PCR products were prepared using the BigDye Terminator Cycle Sequencing Kit (Applied 
Biosystems, Life Technologies Corporation) following the standard protocol and subsequently 
processed on an ABI Genetic Analyser machine (Applied Biosystems). For target NGS we used two 
454 platforms (Roche): GS Junior (PAPER V.) and GS FLX+ (PAPER III.). For detailed description of the 
procedures used see the Section 1.2 in the ESM of PAPER V. or the Subchapter TLR4 sequencing in 
Material and methods of PAPER III. Application of target NGS approach is very useful, because it 
allowed us to avoid the costly cloning step in our effort to obtain single-haplotype gene sequences. 
Copy number variation analysis 
The copy number variation (CNV) analysis was used to resolve the number of copies occurring the 
particular gene in the genomes of investigated species (PAPER I.). Real-time quantitative PCR (qPCR) is 
one of the methods usually used to assess the CNV (Weaver et al. 2010) because of its easy use, 
sensitivity, and scalability. The relative quantification principle is applied, where at least one 
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reference gene occurring only in a single copy in the whole genome (single-copy gene) must be 
defined and serve as a reference for the examined gene of interest. For this type of analysis, it is 
important to design specific primers to the conserved regions to reach the ideal qPCR effectivity. 
Furthermore, it is crucial to amplify PCR products of similar lengths in all genes included in the CNV 
analysis to achieve result as precise as possible. In our study (PAPER I.), each sample was run in 
technical triplicate in LightCycler 480 Instrument II (Roche) using EvaGreen® Dye (Biotum; Mao et al. 
2007). The qPCR efficiency was calculated based on a dilution series for each gene and sample in 
LightCycler® 480 software v1.5.1 using both 2nd Derivate function and automatic Fit Point method. 
The target gene copy number was then calculated based on a modified version of formula proposed 
by Pfaffl (2001): 
R = (2*EffTLR7^(-cpTLR7))/(EffTLR3^(-cpTLR3)+EffTLR4^(-cpTLR4)), 
where R means the relative ratio of target potentially duplicated gene (TLR7) and both single-copy 
genes (TLR3 and TLR4) for each investigated species. The modified formula calculates with PCR 
efficiency (Eff) for each gene raised to the power of the negative number of cycles (Cp) in which the 
amplified gene reaches the fixed threshold. 
Gene expression analysis 
We used the gene expression analysis to answer three different questions. First, in the case of TLR5 
pseudogene in birds (PAPER IV.) we wanted to check for presence or absence of a functional copy of 
this gene in the genome based on mRNA expression of the sequence. It was important to treat the 
extracted RNA with RNase-free DNase I (Thermo Fisher Scientific Inc.) to remove any possible DNA 
contamination. Reverse transcription of total mRNA to complementary DNA (cDNA) was performed 
immediately afterwards with the Transcriptor First Strand cDNA Synthesis Kit (Roche) using random 
hexamer primers. The cDNA product was used as a template for PCR amplification of target 
(pseudo)gene region, where the specific primers were designed based on the sequence of an 
interspecifically conserved region. Always two independent PCR reactions (duplicates) were tested 
per individual to support the results. After the PCR amplification, the presence of a PCR product was 
verified using 1.5 % agarose gel electrophoresis and visualised using GoodView (SBS Genetech) and 
UV Transilluminator (GenoPlex, VWR International). Second, to measure TLR expression in various 
tissues of the grey partridge (PAPER V.) we performed a semi-quantitative PCR with the Kapa2G 
Robust PCR kit (Kapa Biosystems, Inc.). The PCR amplified products (in triplicates) were visualised 
using gel electrophoresis and subsequently the relative differences in gene expression were 
measured by relative band intensity (GenoSoft v. 4.00, VWR International) and normalised by b-actin 
values (b-actin was used as a reference gene treated in the same way as TLRs). Third, more recently 
in the paper describing the differential expression in selected cytokines before and after PHA 
treatment (PAPER VI.), we  quantified the gene expression using classical real-time qPCR performed 
with the LightCycler 480 Detection System (Roche) with LightCycler 480 SYBR Green I Master 
chemistry (Roche) and for each investigated gene and tissue in triplicates. Based on the results of a 
geNorm analysis from six tested candidate genes, as a housekeeping (reference) gene we selected 
the TATA-box-binding protein (TBP). The gene expression was calculated based on the relative 
quantification ΔΔCt method (Bustin 2000; Livak and Schmittgen 2001) in LightCycler 480 SW 1.5 
(Roche) using both the comparative Ct method (ΔCt) and Fit Points method, respectively. The PCR 
efficiency was calculated for all individual genes across all treatment and control samples. 
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During my PhD studies, I have used for bioinformatic analysis of the sequenced data many different 
pieces of software, tools and approaches. The raw Sanger sequences I first analysed (since 2015) 
using Sequencing Analysis 5.2, SeqScape v2.5 (both Applied Biosystems) and then with BioEdit 
Sequence Alignment Editor (Tom Hall, Ibis Biosciences). Later I switch to a more universal and user-
friendly software environment provided by Geneious (http://www.geneious.com, Kearse et al. 2012). 
The sequence data from NGS must be firstly filtered based on quality, trimmed and de-multiplexed 
according to the individual barcode using e.g. R packages seqinr, Biostrings and ShortRead (last two 
developed in BioConductor scientific community) running in the open statistical software and 
programming language R (R Core Team). BLAST (NCBI, (Zhang et al. 2000) was used to find the genes 
of interest according to a given reference sequence in all accessible species (publicly available on 
NCBI GenBank server, https://www.ncbi.nlm.nih.gov/; or kindly provided by the Avian 
Phylogenomics Consortium as a part of the Bird 10,000 genomes project, http://b10k.genomics.cn/, 
Avianbase, Eöry et al. 2015). CDS and also genomic scaffold databases were used as the source of 
information. For multiple sequence alignments I used different approaches in different studies 
always based on the data type: mostly ClustalW (implemented in BioEdit or Geneious), MAFFT 
(EMBL-EBI; Katoh and Standley 2013) for highly unrelated sequences, PAL2NAL webtool (Suyama et 
al. 2006) for the construction of nucleotide codon alignments corresponding to the protein sequence 
alignments, or the EMBOSS Needle pairwise alignment tool 
(https://www.ebi.ac.uk/Tools/psa/emboss_needle/) for secondary structure protein alignment. 
Translation of nucleotide into the correct protein sequence was performed using the Translate Tool 
(https://web.expasy.org/translate/, ExPASy, SIB Bioinformatics Resource Portal; Artimo et al. 2012). 
The particular allele sequences were in heterozygote individuals reconstructed using PHASE 
algorithm (Stephens et al. 2001) implemented in the DnaSP software (Librado and Rozas 2009). The 
occurrence of gene conversion between duplicated genes is possible to statistically test using 
GENECONV tool (S. A. Sawyer, Washington University in St. Louis, 
http://www.math.wustl.edu/~sawyer/geneconv/).  
Phylogenetic analysis 
Phylogenetic approach we use in our studies very often, mainly to reconstruct the evolutionary 
history of the target gene/protein. Before any phylogeny analysis is necessary to determine the 
evolutionary model that suits the particular sequence alignment the best. For this purpose, we use 
the FindModel tool (https://www.hiv.lanl.gov/content/sequence/findmodel/findmodel.html), the 
web implementation of the Modeltest (Posada and Crandall 1998). The best fitted model for each 
alignment is afterwards selected based on the given Akaike information criterion (AIC). For the 
phylogenetic analysis we use two approaches: maximum likelihood calculated in PhyML software 
package (Guindon et al. 2010) and Bayesian estimation of phylogeny calculated using MrBayes 
(Ronquist et al. 2012). To compare gene tree with the species phylogeny is necessary to reconstruct 
also the species tree, where if you do not have your own data (our case), two approaches could be 
used. One option is to reconstruct the schematic consensus species tree based on up to date 
published avian phylogeny (e.g. Jarvis et al. 2014) but without the information about the length of 
individual branches. The second approach we use is to generate the phylogeny tree for all 
investigated species only from the global phylogeny of birds using a web-based tool application 
available at http://birdtree.org/ (Jetz et al. 2012). We used the Hackett sequenced species backbone 
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(Hackett et al. 2008) as the source tree with 1,000 randomly generated trees. The maximum clade 
credibility tree is subsequently produced using the TreeAnnotator tool incorporated in the BEAST 
software (Drummond et al. 2012). All generated trees are afterwards graphically adjusted in FigTree 
(A. Rambaut, University of Edinburgh, UK; http://tree.bio.ed.ac.uk/software/figtree/). 
Selection analysis 
To investigate if adaptive evolution is acting on target genes/gene regions, the diversifying positive 
selection was tested. For testing site-by-site selection the codon alignment must be used, where all 
codons/regions containing gaps in any species in the alignment are removed and are analysed 
separately. Firstly, we tested the possibility of recombination influencing evolution of target genes in 
the studied species using GARD analysis (Genetic Algorithms for Recombination Detection; 
http://www.datamonkey.org; Kosakovsky Pond et al. 2006). To test positive selection posing on 
individual residues on the interspecific level we used various codon-based maximum likelihood 
methods: PAML (Phylogenetic Analysis by Maximum Likelihood; Yang 2007); FUBAR (A Fast, 
Unconstrained Bayesian AppRoximation for Inferring Selection; Murrell et al. 2013); SLAC (Single 
Likelihood Ancestor Counting; Kosakovsky Pond and Frost 2005a); and MEME (Mixed Effects Model 
of Episodic Diversifying Selection; Murrell et al. 2012). The last three mentioned (FUBAR, SLAC and 
MEME) are implemented into the Datamonkey server (http://www.datamonkey.org/; Kosakovsky 
Pond and Frost 2005b; Weaver et al. 2018). In PAML the codon-based substitution models (codeml) 
using comparison of neutral M8a (beta&ω=1) with alternative M8 (beta&ω) model. The likelihood 
ratio test (LRT) for comparison of two nested models was calculated using chi-square approximation: 
Chi2 = 2*(lnLM8 - lnLM8a), 
where LM8 and LM8a are likelihood values. The degrees of freedom (df) were established as the 
difference in the numbers of parameters in the models used. If the LRT is significant (≤0.05), positive 
selection is considered as supported. The hierarchical Bayes (Bayes Empirical Bayes, BEB) approach 
implementing Markov chain Monte Carlo routine (Yang 2007) was then used to determine site-
specific posterior probabilities indicating positive selection (on the level ≥0.9). FUBAR algorithm was 
always used with the default significance level of posterior probability established to 0.9. This 
method is more robust and much faster than other available types of the selection analysis based on 
random effect likelihood (REL methods; Murrell et al. 2013). SLAC is a counting method, which tests 
whether the number of nonsynonymous changes per nonsynonymous site (dN) is significantly 
different from the number of synonymous changes per synonymous site (dS). Counting methods are 
very fast and thus suitable for larger datasets, but may lack power, especially for data sets 
comprising a small number of sequences or low divergence, as the power of the test is limited by the 
total number of inferred substitutions at a site (Kosakovsky Pond and Frost 2005a). MEME is a 
branch-site model of selection, which fits a mixture model with two classes of dN/dS ratio to each 
branch in the phylogeny and it is, therefore, able to identify both the pervasive and also the episodic 
selection acting only on individual lineages of investigated dataset (Murrell et al. 2012), but the 
number of detected positively selected sites should be taken with caution, because it can be 
overestimated (evinces a very high rate of false positives; Lu and Guindon 2014). 
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Conservativeness of amino acid substitution 
Along with positive selection we tested the degree of dissimilarity of amino acid substitutions 
according to their physiochemical properties using the tool PRIME (PRoperty Informed Model of 
Evolution) tool available on the Datamonkey server (http://www.datamonkey.org/; Kosakovsky Pond 
and Frost 2005b). This tool builds on the same conceptual frameworks as MEME (Murrell et al. 2012) 
but allows the non-synonymous substitution rate β depend not only on the site in question, but also 
on which residues are being exchanged. Two predefined sets of 5 amino-acid composite properties 
can be used for PRIME analysis: Polarity index, Secondary structure factor, Volume, Refractivity/Heat 
Capacity and Charge/Iso-electric point (Atchley et al. 2005) and Chemical Composition, Polarity, 
Volume, Iso-electric point and Hydropathy (Conant et al. 2007). The level of significance was always 
settled as default (posterior probabilities ≥0.9). Amino acid physicochemical properties (chemistry, 
charge and hydrophobicity) at all positively selected sites were graphically visualised using a web-
based application Weblogo 3 (http://weblogo.threeplusone.com; Crooks et al. 2004). To assess the 
possible function of detected positively selected sites, the comprehensive review of already 
published literature describing residues with any function as well as other studies detecting positive 
selection on interspecific level was done (for the most recent version see Supplementary Material 6: 
Table S27 in PAPER I.). Afterwards the distances of detected positively selected sites from these 
already known functionally important positions were measured using 3D structural protein models 
(for details see the next section Protein structure analyses, p. 27) in the PyMOL Molecular Graphics 
System (Schrödinger, LLC) using python command iterate and plugin distancetoatom. Positively 
selected sites lying up to 5Å were supposed as closely connected to functionally important residue 
with the potential to influence the protein function. 
Protein structure analyses 
The key stone of papers included in my thesis (PAPER I.; PAPER II.; PAPER III.; PAPER V.) comprises the 
protein structure description and functional predictions based on protein structure modelling. To 
predict the general distribution of structural domains in the proteins we used a combination of the 
following web-based tools: SMART (Simple Modular Architecture Research Tool; http://smart.embl-
heidelberg.de/; Letunic and Bork 2018) for the general identification and annotation of protein 
domains and the analysis of protein domain architectures; SignalP 
(http://www.cbs.dtu.dk/services/SignalP/; Petersen et al. 2011) for prediction of the presence and 
location of signal peptide cleavage sites in amino acid sequences; LRRfinder 
(http://www.lrrfinder.com/; Offord et al. 2010) for the identification of LRRs in protein sequences; 
DAS-TMfilter (http://www.enzim.hu/DAS/DAS.html; Cserzo et al. 2004) for detection the presence 
and location of transmembrane region of protein; PFAM (http://pfam.xfam.org/; Finn et al. 2016) for 
definition specific domains in our sequence compared to the database including a large collection of 
defined protein families. 
For prediction of tertiary structure model of target proteins, we use two approaches: I-TASSER 
(Iterative Threading ASSEmbly Refinement; https://zhanglab.ccmb.med.umich.edu/I-TASSER/; Roy et 
al. 2010) and Modeller (Webb and Sali 2014). The I-TASSER server uses a hierarchical protein-
structure modelling approach based on secondary structure enhanced profile–profile threading 
alignment and iterative implementation of the threading assembly refinement program (Zhang 
2008). Modeller is used for homology or comparative modelling of protein three-dimensional 
structures including e.g. the possibility of creating the multiple alignment of protein sequences and 
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structures or clustering and comparison of protein structures (Webb and Sali 2014). As a template for 
a new structural prediction, a structure of a related protein with known amino acid sequence and 
empirically verified crystallographic structure is used. For TLRs ECD, TM and ICD were modelled 
separately. For I-TASSER predictions the model with the highest C-value reflecting the confidence 
score for estimating the quality of the predicted models was chosen, while for Modeller predictions 
the model with lowest DOPE (Discrete Optimized Protein Energy; Shen and Sali 2006) score was 
always selected for further analysis. The quality of each 3D protein structure model was evaluated 
using the ModFOLD Model Quality Assessment Server (http://www.reading.ac.uk/bioinf/ModFOLD/; 
Maghrabi and McGuffin 2017). The pairwise structure comparison was done on DALI protein 
comparison server (http://ekhidna2.biocenter.helsinki.fi/dali/; Holm and Laakso 2016) using the 
pairwise structure comparison. The graphical visualisation of 3D protein structures was done using 
the PyMOL Molecular Graphics System (Schrödinger, LLC).  
Although we realize that the accuracy of the predicted models is limited, the aim of the analysis was 
not to describe the proteins’ tertiary structures precisely (and substitute the experimental 
crystallography studies), but to assess the properties characterising and distinguishing the given 
proteins in the investigated species. Except for the structural protein similarity analysis and the 
visualisation of the positions of positively selected sites, we focused also on analysis of evolutionary 
non-conservativeness of amino acid positions to estimate location the functionally variable regions. 
This was achieved using an online software ConSurf (http://consurf.tau.ac.il; Glaser et al. 2003; 
Ashkenazy et al. 2016). Furthermore, we also predicted protein surface electrostatic properties 
(PAPER II.; PAPER III.), because the surface charge distribution could play a crucial role in defining the 
protein ligand-binding functional properties. Protein electrostatic potentials were calculated using 
PDB2PQR server (http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/; Dolinsky et al. 2004) based on the 
PARSE force-field and electrostatic calculation on the APBS web (Adaptive Poisson-Boltzmann Solver; 
http://www.poissonboltzmann.org/; Baker et al. 2001). Surface charge distribution was afterwards 
visualised using Jmol, an open-source Java viewer for chemical structures in 3D 
(http://www.jmol.org/) or UCSF Chimera software (developed by UCSF Resource for Biocomputing, 
Visualization, and Informatics at the University of California, San Francisco; Pettersen et al. 2004). 
The UCSF Chimera software was used also for aligning the 3D protein structures and such aligned 
dataset was uploaded to the web-based PIPSA tool (Protein Interaction Property Similarity Analysis; 
http://pipsa.h-its.org/pipsa/; Richter et al. 2008) to acquire a matrix of species with the pairwise 
comparisons of their surface electrostatic potential distances. The cluster analysis was performed in 
R (R Core Team, 2017) using RStudio (RStudio Team, 2015) based on the matrix of pairwise 
electrostatic distances from PIPSA and using the upgma function (package phangorn; Schliep 2011). 
The phenetic tree (dendrogram) of surface charge distribution was then compared with a neutral 
phylogenetic species tree.  
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Results and Discussion 
Although Toll receptors were discover and described already two decades ago in insects (Drosophila, 
(Medzhitov et al. 1997) and TLRs have been described in model vertebrate species few years after 
that (mainly in human, mouse, followed by other mammals; Smirnova et al. 2000; Ferwerda et al. 
2007; Shen et al. 2010; Areal et al. 2011; Shen et al. 2012; Smith et al. 2012; Quach et al. 2013), in 
birds the situation remained for a long time largely overlooked. The avian TLR research oriented 
mainly for studies on the domestic chicken (Leveque et al. 2003, Boyd et al. 2007, Temperley et al. 
2008, Kannaki et al. 2010, Brownlie and Allan 2011), with only few first non-chicken avian TLRs 
described later (de la Lastra and de la Fuente 2007; MacDonald et al. 2008; Cormican et al. 2009; 
Vinkler et al. 2009; Gopinath et al. 2011). In fact, from the evolutionary point of view it is preferable 
to focus mainly on the situation in free-living animals to better understand the coevolution of hosts 
and their pathogens in the natural, non-constrained system. Although recently the situation is 
improving and the number of studies dealing with TLRs in free-living birds is slowly increasing (see 
e.g. Alcaide and Edwards 2011; Grueber et al. 2014; Raven et al. 2017), most authors still focus 
mainly on the description of the TLR genetic variability without exploring further functional effects. 
Therefore, in my PhD project I tried to go a little bit further and predict the impact of the variation 
detected on functionally important regions and positions (e.g. in PAPER I.; PAPER II.). Thus, in the 
articles my co-authors and I created predictions which could be subsequently experimentally tested. 
In particular, we found interspecifically important physicochemical changes on the receptor surface 
in the ligand binding regions (PAPER II.; PAPER III.), which functionally differentiate individual group of 
species and so serves as a base for formulation of wider ecological hypotheses on TLR adaptive 
evolution. We also tested experimentally the phenomena of copy number variation (gene duplication 
previously described based on sequence data only; PAPER I.) and pseudogenisation (PAPER IV.) and 
verified the gene functionality based on gene expression analysis (PAPER V.; PAPER VI.). 
Variability in avian Toll-like receptors 
Although few case studies dealing with the description of complete TLR repertoire concerning the 
whole CDS sequence in birds exists (e.g. comparing chicken and zebra finch TLRs, Cormican et al. 
2009; Brownlie and Allan 2011), the key general study including more avian species was missing until 
we have published the comprehensive paper about all TLR members across the bird phylogeny (PAPER 
I.). The TLR family contains initially ten receptors in most of the avian species. There are, however, 
exceptions, since some of the birds have only nine TLRs, lacking TLR5 (for examples see Fig. 10 and 
the subchapter Gene pseudogenisation, p. 33), while others possess eleven TLRs due to the TLR7 
duplication (for examples see Fig. 10 and the subchapter TLR7 in Gene duplication, p. 32). Even 
though all avian TLRs are very conservative in their extracellular “horse shoe”-shaped structure 
(PAPER II.), individual receptors differ in their gene/protein sequence lengths (Tab. 1; the length of 
individual TLRs for each investigated avian species is in Supplementary Material 2: Table S25 in PAPER 
I.). The longest avian TLR is TLR7 (in average 1050 amino acids long), the shortest then TLR1B (in 
average 653 amino acids long). The most variable TLRs in sequence length within birds are TLR7, 
TLR15 and TLR1A, where the interspecific difference between shortest and longest full-length protein 
sequence within birds comprise 54, 44 and 43 amino acids, respectively. This huge variability in 
protein length is caused, e. g. in TLR7, the unknown exact protein start codon in the case of more 
methionines at the beginning of the sequence. To resolve which methionine is the real initiation 
amino acid a functional study is needed. It is possible, that in this case there could be also more 
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splicing variants of a single gene, which differ in start codon and thus also in protein length (two 
different splicing variants of TLR7 are described at least in chicken; Philbin et al. 2005). Contrary to 
TLR7, in TLR15 the start methionine is evident, but decisive for the protein length is large amount of 
indels at various places following whole sequence in different avian species (PAPER I.). The avian 
TLR1B represents the combination of both cases mentioned above. On the other site, the most 
conservative TLRs, which are almost similar in sequence length within all investigated birds, are TLR5, 
TLR3 and TLR2A, which differs interspecifically only about 5, 7 and 9 amino acids, respectively (Tab. 
1). But this is very taxa dependent, for example TLR5 varied in length between 859 and 862 amino 
acids even only in Galloanserae clade (PAPER II.) and there is also a variation in length (one codon 
indel) within the grey partridge population in this receptor (PAPER V.). The phylogeny of the TLR genes 
(the phenetic tree) investigated in our studies mirrors very faithfully the known phylogeny of bird 
species (PAPER II.; PAPER III.; PAPER V.). 
Tab. 1: The sequence length of avian TLRs. CDS lengths of avian TLRs is given. The length 
characteristics are listed both in nucleotides (nt) and amino acids (aa). The mean and median values 
are given together with the lengths of the shortest (min) and longest (max) representative of each 
TLR. The number of investigated species per each TLR is shown in the bottom line. The table is 
adopted from PAPER I. 
 
Another mechanism which modify protein length is proteolytic cleavage. It is present in receptors 
involved in nucleic acid recognition (i.e. TLR3, TLR7 and TLR15 in birds) and by the cleavage of 
receptor ECD’s part is regulating their function (Ewald et al. 2011; de Zoete et al. 2011; Garcia-
Cattaneo et al. 2012; Kanno et al. 2013; Toscano et al. 2013; Murakami et al. 2014). Surprisingly, in 
the case of avian TLR3, there is a gap in the position of the cleavage site within the glycosylation-free 
side of LRR12 (residues 335–342 in human TLR3, KQSISLAS; in chicken TLR3 between aa 334-335; 
PAPER I.) previously described in humans (Choe et al. 2005; Garcia-Cattaneo et al. 2012; Toscano et al. 
2013). However, the question on the influence of this missing residues in avian TLR3 cleavage site on 
receptor function is still not answered. 
Despite avian TLRs are coding by usually highly variable immune genes (PAPER I.; Alcaide and Edwards 
2011; Grueber et al. 2014; Świderská et al. 2018), surprisingly we found only a limited genetic 
polymorphism in grey partridge population (PAPER V.). Specifically, we revealed only 11 PePeTLR4, 8 
PePeTLR5 and 6 PePeTLR7 nucleotide polymorphic positions. Unfortunately given their location and 
chemical features, most of the substitutions probably have only a minor impact on receptor function. 
However, this genetic polymorphism formed 10 (PePeTLR4), 6 (PePeTLR5) and 3 (PePeTLR7) alleles, 
resulted in 5, 4 and 3 non-synonymous haplotypes, respectively in 10 investigated individuals, 
unrelated birds from four different wintering flocks in the Czech Republic. As the same major 
haplotypes were found repeatedly also within this limited dataset, we have almost certainly 
described the most frequent protein-coding diversity in these genes in our study population. The 
generally low level of intraspecific genetic variation in partridge TLRs compared for example to 
related domestic chickens (W. Ruan et al. 2012; W.K. Ruan et al. 2012) and junglefowl (Downing et al. 
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2010) may be a result of either negative selection or a population bottleneck caused by local 
inbreeding. We suppose the later scenario is more probable, because the European grey partridge 
has declined severely in numbers in last few decades (De Leo et al. 2004; Kuijper et al. 2009), 
including the population inhabiting the Czech Republic, which decreased dramatically between the 
1930s and 1990s from ca. 6 million individuals to less than 20 thousand (Šťastný et al. 2010), 
resulting in a highly fragmented population. This low genetic variability in immune-related genes may 
ultimately explain the relative susceptibility of the grey partridge population to infectious diseases 
(Sedlák et al. 2000; Vitula et al. 2011). 
Gene duplication 
Gene duplication is a very common mechanism acting in fast evolving genes, including immune 
genes. Therefore, we have focused on this issue also in the avian TLRs. Our main aims were to 
resolve the duplication event in TLR1 family in vertebrate evolution and also to describe the recent 
duplication in avian TLR7. 
TLR1 family 
The duplications in TLR1 family has been previously well documented in vertebrates, birds including 
(Temperley et al. 2008; Cormican et al. 2009; Huang et al. 2011; Wang, Zhang, Liu, et al. 2016). But 
there has been inconsistency in the estimated time of these duplication events in the literature. The 
main question is, if the TLR1 gene duplication had occurred before mammals diversified from the 
sauropsids (Huang et al. 2011), or this duplication followed only after this divergence, independently 
in avian and mammalian lineage (Temperley et al. 2008; Cormican et al. 2009; Mikami et al. 2012; 
Wang, Zhang, Liu, et al. 2016). We assume (PAPER I.), that this contradiction is caused 
methodologically by omitting the phenomenon of gene conversion between the two copies in most 
of the studies (namely in Temperley et al. 2008; Cormican et al. 2009; Mikami et al. 2012; Wang, 
Zhang, Liu, et al. 2016), even though the gene conversion occurred in avian TLR1 and also in avian 
TLR2 without doubt (for detailed info see Supplementary Material 3 in PAPER I.). When the 
phylogenetic analysis is performed using the whole gene sequence, the converted part of the 
duplicated genes masks the effect of phylogeny and this brings both paralogues incorrectly into one 
clade. Therefore, we constructed the TLR1 tree based on the non-converted region only (Fig. 9; PAPER 
I.) and our results supported the previous findings of Huang et al. (2011), that the duplication in TLR1 
family arose before the Synapsids diversified from Sauropsids, while the duplication of TLR1 in 
amphibians (namely in Xenopus) arose apparently independently on the TLR1 duplication in 
amniotes. On the contrary, it seems that the duplication of avian TLR2 arose in birds independently 
on mammals, where the second copy of TLR2 is present only as non-functional pseudogene in several 
species (for more info see PAPER I.). 
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Fig. 9: Duplication in TLR1 family. Tree based on non-converted regions of TLR1 subfamily 
members is visualised. PhyML/MrBayes values in percentage per each node are provided. Birds are 
represented by zebra finch (TaGu, Taeniopygia guttata) and chicken (GaGa, Gallus gallus), crocodiles 
by alligator (AlMi, Alligator mississippiensis), reptiles by turtle (ChPi, Chrysemys picta), mammals by 
human (HoSa, Homo sapiens) and horse (EqCa, Equus caballus). Amphibians represented by clawed 
frog (XeTr, Xenopus tropicalis), fish by zebrafish (DaRe, Danio rerio) and chondrichthyes by sharks 
(ChGr, Chiloscyllium griseum) were used as outgroups. The analysis was performed using a single 
amino acid sequence per TLR per species. Based on the results we suggest renaming TLR1A to 
TLR10 and TLR1B to TLR1 in birds. The figure is adopted from PAPER I. 
TLR7 
Birds lack two of the three vertebrate TLR7 family members (TLR8, TLR9; Philbin et al. 2005; 
Temperley et al. 2008). Instead, avian TLR7 locus appears to be duplicated in several avian species 
belonging to various orders: Passeriformes, Charadriiformes, Cuculiformes and Mesiornithiformes 
(Fig. 10; PAPER I.; Cormican et al. 2009; Grueber et al. 2012; Raven et al. 2017). Moreover, we found 
out that this duplication is evolutionarily very recent (in comparison to the duplications in TLR1 
family) and arose in each clade independently (PAPER I.). Furthermore, we predict that the two avian 
TLR7 copies can probably generally slightly differ in their function, because 11 from the sites 
identified as distinct between the two copies in any avian species match the known ligand binding 
positions of TLR7 (Wei et al. 2009; Gupta et al. 2016; Zhang et al. 2016), 5 are situated into the z-loop 
region responsible for TLR7 binding and dimerization (Zhang et al. 2016) and other 10 variable sites 
are identical with positively selected sites detected in birds (Supplementary Material 1: Table S3 in 
PAPER I.). We are also first, who supported the existence of the two copies of avian TLR7, described 
previously based on sequence data only, also experimentally using CNV analysis (PAPER I.). 
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Fig. 10: TLR7 duplication and TLR5 pseudogenisation in birds. In the schematic representations 
of the avian phylogenetic tree the species with duplicated TLR7 are highlighted in blue and species 
possessing TLR5 pseudogene only are highlighted in red. The numbers of amino acid substitutions 
distinguishing the two copies of the duplicated TLR7 are shown behind the species name. The 
position of the first stop codon in TLR5 is indicated by the number provided behind the species name. 
Position numbering is according to the chicken reference. Both figures are adopted from PAPER I. 
Gene pseudogenisation 
Not only gene gain, but also functional gene loss, so called pseudogenisation, is a very common 
mechanism in immune genes, TLRs including. Until present, some examples of this phenomenon 
have been described in mammals, where e.g. TLR2 (Roach et al. 2005) or TLR5 (Hawn et al. 2003) 
pseudogene is known. 
Despite TLR5 belongs to one of the most important PRRs allowing the recognition of invading 
bacteria based on their flagellin recognition, the occurrence of TLR5 pseudogene was described first 
in humans (Hawn et al. 2003) and even recently by our group also in birds (PAPER I.; PAPER IV.). Species 
possessing TLR5 pseudogene are present in different avian orders: Passeriformes, Psittaciformes, 
Cariamiformes, Trogoniformes, Phaethontiformes, Eurypygiformes and Apodiformes (Fig. 10; PAPER 
I.). Moreover, also within some orders are present species with and without functional TLR5 (e.g. in 
passerines; PAPER IV.). The sequence data show that the stop codon positions differs among the 
investigated species with differences also in the pseudogenisation mechanism (single nucleotide 
substitution or frame-shifting indels, see Supplementary Material 1: Table S8 in PAPER I.), but always 
affect mainly the extracellular part of the receptor responsible for bacterial flagellin recognition and 
binding (Keestra et al. 2008). The stop-codons in TLR5, thus, arose independently in the recent 
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evolutionary history of different avian taxa (PAPER I.; PAPER IV.), e.g. at least during seven independent 
events of TLR5 pseudogenisation in passerines (for details see Fig. 1 in PAPER IV.). To test the 
presence of potential functional copy of TLR5 in species possessing pseudogene, we performed the 
gene expression analysis (PAPER IV.), which fully supported our previous results based on gene 
sequencing. We found no PCR product using cDNA template compared to genomic DNA template in 
species, where we previously described the TLR5 pseudogene (Fig. 11). 
 
Fig. 11: TLR5 expression in selected passerine species. Gel electrophoresis image of TLR5 PCR 
products amplified with the same primer pair for all investigated species (PaMa – Parus major, TaGu – 
Taeniopygia guttata, SyAt – Sylvia atricapilla, TuMe – Turdus merula, HiRu – Hirundo rustica, PaDo – 
Passer domesticus, CaCh – Carduelis chloris, MoCi – Motacilla cinerea). Genomic (A) and 
complementary (B) DNA has been used as a template. Longer PCR product in MoCiTLR5 is caused 
by 398 bp long insertion in the amplified region of TLR5 in this species. The figure is adopted from 
PAPER IV. 
The loss of TLR5 functional gene is limited not only to birds, the pseudogene has been described also 
in one human allele, where its presence is associated with diseases caused by flagellated bacteria 
(Hawn et al. 2003; Zhang et al. 2013), while at the same time possessing TLR5 non-functional allele 
might be advantageous for decreasing the probability of autoimmune disease development (Hawn et 
al. 2005). The TLR5 pseudogenisation may be allowed by the high redundancy of pathogen detection, 
where flagellin is recognized also by other PRRs, e.g. NLRC4 (Zhao et al. 2011; Yang et al. 2014). But 
unfortunately, in birds other flagellin-recognising PRRs have not yet been sufficiently studied to 
support this explanation. The same is true also for the investigation of avian symbiotic microbiota. 
Therefore, despite it may seem that the species possessing TLR5 pseudogene do not share any 
common ecological features, there may be certain component selecting for TLR5 loss of function in 
these avian evolutionary lineages. Pseudogenisation might be associated with impaired flagellin 
detection or signalling overreaction and may occur only in taxa where either the risk of infection by 
flagellated bacteria is low or where other PRRs are sufficient to ensure an adequate immune 
response. Further research is, however, needed to functionally address the impact of TLR5 loss on 
immune responsiveness to bacterial flagellin in the TLR5-deficient species. 
Diversifying selection 
In our research we tested positive diversifying selection acting on individual positions in all avian 
TLRs. The numbers of detected positively selected sites (PSS) differ between individual TLRs. 
Consistently with other vertebrates (Smirnova et al. 2000; Nakajima et al. 2008; Vinkler et al. 2009; 
Wlasiuk et al. 2009; Wlasiuk and Nachman 2010; Areal et al. 2011; Huang et al. 2011; Shen et al. 
2012; Smith et al. 2012; Fornuskova et al. 2013; Wang, Zhang, Chang, et al. 2016), our results in birds 
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confirm that positive selection is acting more strongly on ECD than ICD part of the TLR protein (PAPER 
I.; PAPER II.). ECD is responsible for direct and specific PAMPs binding and recognition, contrary to ICD 
which is responsible for signal transmission due to binding of TLR adapters (Jin and Lee 2008; Kawai 
and Akira 2010) and thus there is a selective pressure for conservative nature of the receptor 
domain. Our comparative studies in avian TLR family also suggest, that the positive selection is acting 
more in receptors exposed towards the cell surface (mainly in TLR1[1B], TLR2A, TLR5, TLR4 and 
TLR2B), than in TLRs situated in endosomes (TLR21, TLR3 and TLR7; precise numbers in Tab. 2) on 
both intraspecific (PAPER V.) and interspecific levels (PAPER I.; PAPER II.), which is in concordance with 
the general findings in vertebrate TLRs (Mikami et al. 2012). This could be explained by the fact that 
the endosomal TLRs are adapted for detection of ligands showing low structural variation (such as 
ssRNA in the case of TLR7, dsRNA in TLR3 or CpG DNA regions in TLR21; Diebold et al. 2006; Brownlie 
and Allan 2011), while the transmembrane TLRs recognize structurally more variable complex 
bacterial ligands (see e.g. Andersen-Nissen et al. 2005; Marr et al. 2010; DeMarco and Woods 2011). 
The only exception from this apparently universal rule represents TLR15 which is unique to birds and 
reptiles (Boyd et al. 2012). Although situated on the cell surface, TLR15 is activated by the ECD 
proteolytic cleavage with pathogen-derived proteases (de Zoete et al. 2011). We hypothesise that 
this pathogen-recognition mechanism may be linked to reduce positive selection acting in ECD. 
Nonetheless, the cleavage site possesses genetic variability including PSS in birds (Supplementary 
Material 1: Tab. S11 in PAPER I.), which might play important role in receptor function. 
 
 
Tab. 2: Positive selection 
detected in avian TLRs. 
Species - number of 
species (one sequence per 
species), aa length - the 
protein sequence length in 
chicken TLRs (NCBI 
accession numbers are 
listed in Supplementary 
Material 1: Table S14 in 
PAPER I.), PSS - number of 
positively selected sites 
detected in investigated 
species per each gene, 
PSS/TLR (%) – the 
percentage of PSS per 
whole receptor. The table 
is adopted from PAPER I. 
Our results in avian TLRs (PAPER I.) are also mostly consistent with the findings of (Wang, Zhang, Liu, 
et al. 2016), who suggested grouping of vertebrate TLRs based on their ECD architecture and showed 
that at least in mammals the single-domain TLRs (i.e. in birds: TLR3, TLR5, TLR7, TLR15 and TLR21) are 
under stronger purifying selection than the three-domain ones (i.e. in birds: TLR1A, TLR1B, TLR2A, 
TLR2B and TLR4). Based on our results (PAPER I.), the positive selection is acting more strongly in the 
three-domain TLRs, with the exception of TLR5, which is under strong positive selection in birds (Tab. 
2), supported also by results from other studies in avian TLRs (PAPER II.; Alcaide and Edwards 2011; 
Grueber et al. 2014). The role of TLR5 seems to be special in avian immunity compared to e.g. in 
mammals, where several studies proposed relaxed purifying selection in this receptor (Wlasiuk et al. 
2009; Areal et al. 2011). Besides, the nonsense stop-codons preventing the TLR5 function has been 
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described in both birds (PAPER I.; PAPER IV.) and mammals (Wlasiuk et al. 2009). One of the 
explanations for diverse selective pressures acting on avian TLR5 might be that the variation reflects 
differences between species in gut immunity overactivation through flagellated symbiotic microbiota 
(Iqbal et al. 2005). Alternatively, there are present also other activation pathways involving other 
immune receptors that may be adapted for recognising flagellated bacteria, e.g. NLRC4 mentioned 
above (in section Gene pseudogenisation, p. 33) may be one of them (Zhao et al. 2011; Yang et al. 
2014). 
In our comparative avian TLRs paper (PAPER I.) we show, that the PSS frequently evolve towards 
similar amino acid physicochemical properties being gained in distantly related avian taxa, while 
distinct properties can be found even in closely related species (see Supplementary Material 8 in 
PAPER I.). This convergent evolution may probably result from selective pressures induced by similar 
pathogen communities in different taxa (Waite and Taylor 2014). We also revealed that most of the 
identified positively selected amino acid residues tend to be exposed to the receptor surface to allow 
the direct contact with the ligand (PAPER III.). 
Non-conservative PSS 
We may predict stronger functional effects of PSS with non-conservative amino acid substitutions 
that importantly change the physicochemical properties of the particular residues and thus 
significantly influence the PAMPs recognition. Based on our results reported in PAPER I., among the 
TLRs possessing the most non-conservative PSS in birds belong TLR4 and TLR2A (Fig. 12 and 
Supplementary Material 1: Tab. S9 in PAPER I.). Especially in TLR4, most PSS with dramatic changes in 
charge and hydrophobicity fall into the known functionally important sites of the receptor, with high 
probability of changing the TLR4 ligand-binding properties (Fig. 12). On the other side there are 
TLR15, TLR3, TLR1A, TLR7 and surprisingly TLR5, where majority of the amino acid substitutions at 
PSS does not change dramatically the amino acid properties (e. g. the charge or hydrophobicity; Fig. 
12), furthermore at least in the case of TLR7 PSS are conservative in amino acid properties even 
between birds and mammals (PAPER II.). 
Despite avian TLR1B is significantly shorter than TLR1A (Tab. 1), we found more PSS in TLR1B and 
these were less conservative in their charge than in TLR1A (Supplementary Material 1: Tab. S9 in 
PAPER I.), especially in the predicted ligand-binding region that is spanning the region avoiding gene 
conversion (Fig. 12). This, together with high TLR2A PSS variation, can be possibly explained by 
distinct binding capacities of the heterodimers formed by the duplicated TLR1/TLR2 subfamily 
members, where the combination TLR1B/TLR2A (unlike any other combination) is able to recognize 
peptidoglycans and efficiently recognizes diacylated bacterial lipoproteins (Higuchi et al. 2008). 
In avian TLR3 most PSS are very conservative (Fig. 12, for details see Supplementary Material 1: Table 
S12 and Supplementary Material 7 both in PAPER I.), which is consistent with the results reported by 
Wang and colleagues (Wang, Zhang, Liu, et al. 2016) who identified the TLR3 family as the most 
conservative TLR family within vertebrates. Two of these conservative PSS in the TLR3 are situated in 
transmembrane region (Fig. 12 and Supplementary Material 7 in PAPER I.), with the known receptor 
di/trimerization function (Mineev et al. 2014). Since form of TLR3 dimerization depends on the 
dsRNA length (Pirher et al. 2008) and the number of TLR3 molecules involved in the interaction 
(receptor di- or trimer; Mineev et al., 2014), selection on these particular residues may play crucial 
role in ligand recognition even they are situated into TM domain. 
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Surprisingly, regardless the enormous number of PSS, TLR5 is the most conservative in the 
physicochemical properties of the amino acid substitutions at the PSS across all avian taxa (PAPER I.). 
Thus, the variation present in this receptor likely does not cause many dramatic changes in the 
receptor ligand-binding properties in most avian taxa. Given that flagellin is the only known TLR5 
ligand (Hayashi et al. 2001), this may indicate functional constrains in those species with preserved 
functional TLR5, limiting any adaptations to larger numbers of relatively minor changes. 
Despite of low number of PSS in the known functional sites of avian TLR7 (Fig. 13, detailed in 
Supplementary Material 9 in PAPER I.), which may result from the constraints of conservative ligand 
binding, two non-conservative PSS located on the TLR7 Z-loop, which is oriented into the inner 
concave space of the receptor’s horseshoe and is crucial for receptor dimerization and formation of a 
second ligand-binding site (Zhang et al. 2016). The Z-loop directly follows the TLR7 cleavage site 
(Ewald et al. 2008; Kanno et al. 2013) and these two PSS may, therefore, affect the receptor 
cleavage. Similarly in TLR15, the change of hydrophobicity of one PSS (N353; PAPER I.), which is 
situated at the top of the proline-rich loop included in the TLR15 cleavage region, might play some 
role during proteolytic cleavage of the receptor (de Zoete et al. 2011) and thus importantly influence 
the receptor function. 
 
Fig. 12: Physicochemical properties of the positively selected sites (PSS). All PSS are shown in 
all avian TLRs - amino acid substitutions are coloured according to their physicochemical properties: 
acidic in red, basic in blue, neutral in purple, polar in green and hydrophobic in black. The size of a 
letter corresponds to the percentual proportion of that particular amino acid within sequence 
alignment. The numbering is adopted from chicken TLRs. PSS which correspond to functionally 
important residues (black dot - ligand binding; grey dot – dimerization) are highlighted in bold and 
orange (identical site) or yellow (topological proximity closer than 5 Å from a functionally important 
residue). Non-converted region in TLR1 and TLR2 is highlighted in pink, transmembrane (TM) region 
in grey, ECD - extracellular domain, ICD - intracellular domain; cleavage site in TLR3, TLR7 and 
TLR15 is indicated by a black line tipped with arrows (Supplementary Material 1: Table S11 and Text 
S1 in PAPER I.). Non-conservative PSS are marked by star (Supplementary Material 1: Table S12 in 
PAPER I.). The figure is adopted from PAPER I. 
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Amino acid positions in avian TLRs candidate for relevant functional effects 
The detected PSS in avian TLRs can be suggested as candidate for relevant functional effect based on 
the non-conservativeness of the changes in their physicochemical properties (Fig. 12). To even better 
assess the possible functional effects, we visualised the detected PSS in 3D protein structures with 
the highlighted previously described ligand-binding and dimerization sites and measured the 
distances of PSS from these sites (PAPER I.; PAPER II.; PAPER III.; PAPER V.). We found the best agreement 
between the PSS and functional site distribution in TLR5, TLR4, TLR2A and TLR1B (PAPER I.). The lack 
of agreement between the identified PSS and previously described TLR functional sites in other TLRs 
may be caused either by the lack of functional studies known in some TLRs (e.g. TLR15 and TLR21), or 
it may indicate interspecific variation in TLR-ligand binding (e.g. TLR1, TLR3 and TLR7, where the 
structural and experimental studies were performed in mammals and not in birds; see 
Supplementary Material 6: Table S27 in PAPER I.), or even false positive predictions of PSS. We also 
compared the PSS we identified in avian TLRs with PSS described by other studies in vertebrates, 
where the best consensus we found especially in TLR15, TLR4 and TLR5 (Fig. 13; PAPER I.; PAPER II.). 
For both these purposes we reviewed all up to date literature describing TLR functional positions and 
regions (mainly including the crystallography studies and also site-mutations functionally studies) and 
also sources investigated positive selection on interspecific level in vertebrates TLRs (for detailed and 
most comprehensive table see the Supplementary Material 6: Table S27 in PAPER I., but see also PAPER 
II.; PAPER III.). The main idea is that the consistency between PSS identified in several different studies 
based on different datasets supports the power of selection acting on that particular position in 
broader evolutionary context. Thus, this approach should minimize the probability of detection of 
false positive results. That PSS might play important role in receptor ligand recognition and binding 
even though not laying in topological proximity to any of the already known functionally important 
positions. This is supported by the findings in humans, that even amino acid substitutions located far 
from the functionally important regions (in the case of TLR4, the MD-2-dimerization or LPS-binding 
sites) can influence the responsiveness to a given pathogenic ligand (here LPS; Arbour et al. 2000). 
Therefore, one of the aims of our research was to predict new potentially crucial positions not yet 
described by crystallography or mutation studies. Our predicted PSS might serve well as a starting 
point for such experimental studies in birds. 
We predicted the key amino acid positions based on the criteria mentioned above: non-
conservativeness of PSS (especially considering surface charge and hydrophobicity; Fig. 12; 
Supplementary Material 7 in PAPER I.), the proximity of PSS to already known functionally important 
positions (Fig. 13; Supplementary Material 9 in PAPER I.) and coincidence of PSS with PSS previously 
described in other datasets (Fig. 13; Supplementary Material 6: Table S27 in PAPER I.). List and 
description of such positions is given for each avian TLR in Supplementary Material 1: Text S2 in PAPER 
I. but see also Additional file 3: Section S4 in PAPER II. and the discussion part in PAPER V. For instance, 
there were identified 5 positions where are amino acid substitutions related to Salmonella enterica 
resistance variation in chickens (Leveque et al. 2003). One of them (Y383H) was detected as PSS also 
within Galloanserae clade (PAPER II.) and the other (E301D) even within all birds (PAPER I.), where 
moreover negatively charged E/D are substituted with positively charged K/R (Fig. 12) supported also 
by other studies in birds (Grueber et al. 2014) and mammals (Vinkler et al. 2009; Wlasiuk and 
Nachman 2010) and partially with the results of numerous human studies (Arbour et al. 2000; 
Zareparsi et al. 2005; Shen et al. 2010; Cario 2013; Rupasree et al. 2015; but see also Ohto, 
Yamakawa, et al. 2012) showing potential importance of variation at a neighbouring position D299G 
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(i.e. D303 according to chicken numbering). Based on other our findings, it seems that avian TLR4 is 
identical to equine, but distinct from human TLR4 in the lipid IVa recognising by TLR4-MD2 complex, 
because most of the investigated avian species possess arginine at the crucial position 393, similarly 
to horses (Walsh et al. 2008). 
 
Fig. 13: Positively and functionally important residues visualised on 3D extracellular domain 
structures of avian TLRs. PSS detected in this study are shown in blue or in orange (sites with 
known function). Known functionally important residues are highlighted in black (ligand binding 
residues) or in grey (dimerization residues). The total number of PSS for each TLR is given in blue 
rectangle, where in parentheses are numbers of PSS detected also in other avian/mammalian studies 
(for references see Supplementary Material 6: Table S27 in PAPER I.). The numbers of PSS with 
known function are provided in orange rectangles, where the number of PSS in topological proximity 
<5 Å is shown in parentheses. The figure is adopted from PAPER I. 
Protein evolution 
We did not focus only on gene evolution, but also on proteins encoded by the TLR genes (PAPER I.; 
PAPER II.; PAPER III.; PAPER V.). In TLRs, amino acids exhibited on the protein surface play important role 
in receptor recognition, because there occurs a direct physical contact between selected receptor’s 
residues and pathogenic ligands (see e.g. Manavalan et al. 2011). The host-pathogen coevolution is 
going on as the micro-evolutionary process acting on molecular level. Especially TLR 3D structure and 
surface charge might be thus shaped by pathogen-mediated natural selection. 
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Protein structure evolution 
To test the potential selection acting on TLR protein structure, we modelled secondary and tertiary 
structures of TLR4, TLR5 and TLR7 for all investigated Galloanserae species to find any interspecific 
structural differences (PAPER II.). However, secondary structures of selected TLRs revealed only very 
low levels of variability. Furthermore, even the ECDs did not differ importantly from the intracellular 
regions in their levels of variability. As expected, all modelled 3D extracellular domains in avian TLRs 
have the horseshoe-like shape, in which the concave surface comprised β-sheets and the convex 
surface parallel loops and short helices (PAPER I.; PAPER II.; PAPER III.; PAPER V.), similarly to mammals 
and other vertebrates. On the contrary, intracellular TLR domain has always a globular shape and 
transmembrane region is formed by α-helix (both predicted separately). Phenetic analysis of RMSD 
distances obtained by superposition of the predicted domain structures revealed that not 
surprisingly there is interspecifically more variability among ECD than among ICD of avian TLRs (PAPER 
II.). This is probably caused by different selective pressures acting on these two domains, where ICD 
tends to be more conservative because of their role in cell-signalling contrary to ligand binding ECD 
(Bell et al. 2003). But more importantly, the RSMD of all our superposed models were lower than the 
accuracy of individual models (PAPER II.; PAPER III.), so the conclusion is that the structural variability in 
avian TLRs is generally very low and thus probably unimportant. These findings are supported also by 
other results in wild rodents (Fornuskova et al. 2013) and seems to be valid for TLRs in general. 
Surface electrostatic potential 
Since TLRs are structurally almost identical, the question we asked was in which other molecular trait 
is the variability important for various pathogenic ligands binding and recognition manifested. It is 
known that even distribution of variability in charge can influence protein conformation and domain 
composition and thus produce variation in ligand-binding features (Keestra et al. 2008; Walsh et al. 
2008; Resman et al. 2009; Meng et al. 2010; Meng et al. 2011). By modelling electrostatic potential 
distribution on the TLR protein surfaces we have ascertained that intracellular TIR domain remained 
interspecifically relatively conserved, contrary to highly variable surface charge distribution in 
receptor ECD in birds (see Additional file 2: Figure S5 in PAPER II.). The ECD surface charge varied not 
only among birds, but there is also a great difference between birds and mammals at least in the 
case of TLR4 (Fig. 14, PAPER II.). Moreover, apparently the highest variability in surface charge is 
focused into the functionally important regions of receptor ECD (PAPER II.; PAPER III.). From the results 
is also obvious, that the charge of known ligand binding region in avian TLR4 is more similar to 
murine TLR4 than to the one of humans (Fig. 14a; PAPER II.), which supports also the previously 
published results by Keestra and van Putten (2008) on the recombinant TLR4 variant responsiveness 
pattern to different ligands. In contrast, avian TLR7 electrostatic potential distribution suited more 
human than mice surface charge. This might indicate the convergent evolution ongoing in given 
species of birds and mammals resulting in similar ligand binding capabilities of the receptors 
possessing similar charge on the crucial regions of TLR surface. Contrary to TLR4, interspecific charge 
variation was much lower in the case of avian TLR5 and TLR7 (Fig. 14; PAPER II.). This is not surprising 
if we consider that both these receptors show only very limited number of non-conservative 
positively selected amino acid positions in birds (PAPER I.), which is then mirrored in less variable 
charge of surface. 
Adaptive evolution of Toll-like receptors in birds 




Fig. 14: Differences in ECD surface electrostatic potentials between birds and mammals (for a 
full comparison see Additional file 2: Figure S5 in PAPER II.). (a) TLR4, (b) TLR5, (c) TLR7; positive 
surface charge is highlighted in red, negative charge in blue; the predicted functional sites in ECD are 
outlined in yellow in the GaGaTLR models; GaGa = chicken (Gallus gallus), AnAn = goose (Anser 
anser), AnPl = duck (Anas platyrhynchos), HoSa = human (Homo sapiens), MuMu = mouse (Mus 
musculus). The figure is adopted from PAPER II. 
In passerine TLR4 we revealed the pattern of ligand binding surface charge distribution, which 
enabled us to divide all investigated species into four clearly separated clusters based on PIPSA 
algorithm (Fig. 15; Supplementary Material: Fig. S4 in PAPER III.). Moreover, there are two key 
positions (namely 267 and 374) in passerines harbouring non-conservative amino acid substitutions 
in passerines, based on which we could distinguish four clusters of the TLR4 molecular phenotype (to 
A+D and B+C, for details see PAPER III.). The functional importance of above-mentioned positions is 
moreover supported by the fact that both these sites are known to be involved in ligand binding 
(267; Kim et al. 2007), or lying in the close proximity to previously described ligand binding site (374; 
Ohto, Fukase, et al. 2012). 
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Fig. 15: Variability in the surface charge of the TLR4 LBR in four different passerine species. 
One species from each charge cluster (Figure S3 in PAPER III.) is displayed – Erithacus rubecula 
(cluster A), Hirundo rustica (cluster B), Certhia familiaris (cluster C), and Carpodacus erythrinus 
(cluster D). Certhia familiaris and Erithacus rubecula represent two species with the greatest distance 
based on the surface electrostatic potential of the whole TLR4 LBR (d = 1.284; Figure S3 in PAPER 
III.). The inner (left-hand side) and outer (right-hand side) surface of each TLR4 LBR is shown, the 
ligand-binding surface is represented by the left-hand side view. Positive charge (10) is highlighted in 
red colour and negative (-10) in blue. Positively selected amino acids confirmed by three independent 
tests (Table 1 and Table S7 in PAPER III.) are labelled (the site numbering corresponds to Taeniopygia 
guttata protein sequence; positions 272 and 351 are hidden). The position of LBR on the whole ECD 
is indicated by blue colour in the schematic representation of Taeniopygia guttata TLR4. The figure is 
adopted from PAPER III. 
Considering the theory of adaptive evolution, the natural selection mediated by pathogens should 
play the main role in separation of individual variants of TLR4 that may adapt to optimal recognition 
of distinct pathogenic challenges. Therefore, we tested (PAPER III.) if there is any relationship between 
various ecological traits which characterise the investigated species and the four surface charge 
clusters of passerine TLR4. As ecological traits we decided to choose commonly used variables such 
as the migratory strategy, latitudinal dispersion, or diet - all these strategies could be hypothesised to 
bring different pathogenic threats. In our dataset we have not found any association between TLR4 
clusters and latitudinal dispersion, while in the case of the diet such a link cannot be ruled out (Fig. 
16). Nevertheless, it seems that phylogeny is the most important factor, which influences the surface 
charge of TLR4 ligand binding region (Fig. 4 in PAPER III.). Despite this, the limited phylogenetical 
relatedness of species grouped in cluster D (involving besides passerines also the domestic chicken 
that was used as an outgroup) suggests convergent adaptive evolution of the TLR4 surface charge. 
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Fig. 16: Projection of ecological characteristics to TLR4 LBR surface charge clustering. The 
dendrogram showing the surface charge clustering of TLR4 LBR was collapsed into four main clusters 
(A-D) and for each group we determined the proportion of two basic ecological characteristics: (1) 
migration and latitude, (2) diet (Table S1 in PAPER III.). The letter diagrams show the proportion of 
specific amino acids on the 11 positively selected sites with their physicochemical properties indicated 
by colour (red – positive charge, blue – negative charge, orange – polar uncharged, grey – special 
cases, black – hydrophobic; Table S8 in PAPER III.). The arrows indicate those amino acid sites that 
appear to be important for differentiation of individual clusters. The figure is adopted from PAPER III. 
Measuring of inflammation 
Inflammation belongs to essential mechanisms of innate immunity serving to parasite clearance 
(Veerdonk et al. 2011). The process is dependent on TLR pathogen detection followed by induction of 
signalling through proinflammatory cytokines that trigger local leukocyte infiltration linked to 
phagocytosis and pathogen clearance. Therefore, the ability to appropriately respond to the 
pathogen recognition is reflected by detectable changes in cytokine expression. Measuring the 
immune response in ecological-evolutionary studies in free-living non-laboratory birds is very 
important, but at the same time quite challenging (Millet et al. 2007; Martin et al. 2011). One of the 
most favourite methods used in birds is the phytohaemagglutinin (PHA) skin-swelling test (Smits et 
al. 1999; Kennedy and Nager 2006) because it is fast, efficient and simple, allowing to obtain valuable 
data in a brief period of time and directly in the field. However, despite a common usage of this skin-
swelling test in avian ecological studies, the precise immunological mechanism triggering the swelling 
response induced by PHA has been previously only a rarely studied (Vinkler et al. 2010). 
We decided to test the mechanism regulating induction of the inflammatory response caused by PHA 
in the grey partridge (Perdix perdix) based on measuring the expression of nine cytokines (interferon: 
IFN-γ; transforming growth factor: TGF-β2; and interleukins: IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12α, IL-17) 
and also B2M (β-2-microglobulin subunit of MHC class I) as an internal control with no expected 
differential expression after the PHA treatment (PAPER VI.). Both the pro-inflammatory and also anti-
inflammatory cytokines were differentially expressed in the initial phase of the PHA-induced immune 
response (6 hours after PHA treatment; shown in Fig. 17). Where three cytokines (mainly IL-6, but 
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also IL-1β and TGF-β) seems to play a crucial role, because they were substantially upregulated in 
more of investigated individuals. Moreover, there is a relationship between expressions of these 
three cytokines. This cytokine composition (generally pro-inflammatory IL-1β and IL-6) indicates the 
activation of Th17-mediated immunological pathway (Kaiser 2010; Veerdonk et al. 2011). So, the 
primary PHA-induced swelling is not very probably caused due to the T-cell proliferation and thus 
adaptive immunity as was previously wrongly thought (Tella et al. 2008), but more likely by innate 
immune Th17-mediated inflammatory response as we proved (PAPER VI.). This statement supports 
also the fact that the cytokine IL-2 which is known to be produced by activated T cells (Lin and 
Leonard 2003) and to stimulate T-cell proliferation (Lillehoj et al. 2001) was in most of the 
investigated individual after PHA-treatment down-regulated in its expression (Fig. 17). Contrary to 
previous two interleukins (IL-1β and IL-6), TGF-β is a commonly known negative regulator of the 
inflammation (Kaiser 2010). In our PHA experiment we found weak (marginally non-significant, 
p=0.051) negative association between TGF-β expression and the metrically measured swelling. 
Based on this we assume that TGF-β negatively regulates also the inflammation underlying the 
swelling response to PHA, which may result in reduced leukocyte infiltration into the inflamed skin 
tissue (Vinkler et al. 2012). Although we improved our knowledge about the molecular mechanism 
behind the PHA skin swelling test, our results show only a limited association between the cytokine 
signalling and the swelling intensity. The swelling response seems to be probably more dependent 
on the numbers of cells that infiltrate into the treated tissue (Vinkler et al. 2012), so by measuring 
the tissue swelling we estimate the responsiveness of such cells to the cytokine signalling and not 
exactly the differences in the initial cellular signalling triggered in the tissue by the PHA treatment. 
 
Fig. 17: Cytokine expression after PHA treatment. Fold change of cytokine expression in PHA-
treated wings compared to control wings six hours after the PHA treatment (n=10). The fold change 
was calculated as 2-ΔΔCt (standardised on expression of B2M): up-regulation indicated by values above 
1, downregulation indicated by values below 1. We revealed the following fold changes in expression 
of our cytokine genes (mean fold change, minimum-maximum): IFN-γ 3x (0.4x-10x), TGF-β 4x (0.06x-
29x); IL-1β 4x (0.7x-28x), IL-2 1x (0.03x-4x), IL-4 2x (0.2x-7x), IL-6 96x (0.3x-574x), IL-10 2x (0.2x-3x), 
IL-12α 2x (0.08x-3x), IL-17 1x (0.06x-4x). In the figure, mean is represented by bar, differences 
between maximum and minimum by whiskers. Dashed line represents methodologically meaningful 
threshold of expression up-regulation (for rationale see main text in PAPER VI.) and genes with 
expression above this threshold in at least one individual were included into the statistical analyses. 
The figure is adopted from PAPER VI. 
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During my PhD studies I focused primarily on the patterns of evolution in avian Toll-like receptors. 
I contributed to uncovering the story of gene gain and gene loss in the avian TLR family (Aim 1; PAPER 
I.; PAPER IV.), to description of the TLR sequence variability (Aim 1, 2; PAPER I.; PAPER II.; PAPER III.; PAPER 
IV.; PAPER V.) and diversifying selection acting in these genes (Aim 3; PAPER I.; PAPER II.; PAPER III.). 
Furthermore, I participated in investigation of the receptor phenotypes evolution on protein level 
(Aim 4; PAPER I.; PAPER II.; PAPER III.; PAPER IV.), in attempt to find out ecological patterns related to TLR 
variability (Aim 5; PAPER III.) and in improvement of methods to study the immunological processes 
tightly connected with TLR evolution (Aim 6; PAPER VI.). 
As shown by our comprehensive analysis of all members belonging to the TLR family covering all 
major clades of avian phylogeny, the TLR family is typically composed from ten members in birds. 
There are, however, exceptions since some of the species possess only nine TLRs, lacking functional 
TLR5 because of its pseudogenization, while others recently duplicated their TLR7. To both these 
phenomena we brought gene expression evidence. Interestingly, these gene loss and gain events 
occurred in the TLR family several times independently during avian evolution. This suggests that 
similar selection forces may have acted in different avian clades, leading to adaptive loss or gain of 
the receptors. The question waiting to be answered is what selective forces could be responsible for 
these adaptations. Future research should attempt to answer this question by focusing on immune 
responses in groups of species with and without functional TLR5 and duplicated TLR7. Also searching 
for shared ecological traits (e.g. presence of similar groups of pathogens, inhabiting similar 
environments, feeding on the same diet, or exhibiting related life-history traits) may bring light into 
this investigation. As a first step, however, it is necessary to experimentally test the potential 
functional effect of TLR5 lacking/TLR7 duplication on the capability of the immune system to 
correctly recognize their ligands. Further research involving experimental infections will face the 
problem of the limited knowledge of pathogens present in wild living birds. Nevertheless, before 
more specific investigation is conducted, the experiments in TLR5 could begin using currently known 
widespread flagellated bacteria (e.g. Salmonella typhimurium, which recombinant purified flagellin is 
already commercially available). With respect to more ancient duplications that occurred in TLR 
evolutionary history, we helped to resolve the history of main duplication events in the TLR1 family. 
Our results show that TLR1 duplication arose even before sauropsids and synapsids split into two 
separate lineages (giving rise to TLR1 [avian TLR1B] and TLR10 [avian TLR1A]), while in the TLR2 
family the duplication probably occurred in parallel to TLR2 duplication in some mammals that 
resulted in pseudogenisation of the second TLR2 copy. This finding may help us to better search for 
functional and evolutionary parallels in vertebrate TLRs. 
Generally, in birds, TLRs are highly polymorphic molecules. They exhibit potentially functionally 
important variability that is shaped by presumably pathogen-mediated selection. On the molecular 
level the host-pathogen coevolution is acting between the amino acid residues of the host receptors 
exposed on the surface and the ligand structures. As a result, most of the relevant variability is 
present at the ligand-binding interface at the extracellular domain. TLRs exposed to the cell surface 
contain more positively selected sites (mainly in TLR1 [TLR1B], TLR2A, TLR2B, TLR4 and TLR5), than 
receptors expressed into the endosomes, probably because they bind structurally more diverse 
ligands. Our results in birds supported the hypothesis proposed previously in mammals that more 
positively selected sites are present in the three-domain TLRs than in the single-domain ones (except 
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for avian TLR5 that is under very strong positive selection). We also detected convergent evolution 
presented in avian TLRs which probably resulted from similar pathogenic selective pressures acting in 
unrelated host species. Despite the generally high sequence variability detected in avian TLRs on 
both interspecific and intraspecific levels, we also found exceptions. We revealed only limited TLR 
genetic polymorphism present in a grey partridge population. Apparently, this polymorphism has 
only a minor functional impact. The low genetic variability of grey partridge TLRs is probably caused 
by a recent population bottleneck and local inbreeding in this species. This may also explain the 
relatively high susceptibility of the grey partridges to certain infectious diseases, such as putatively 
e.g. the Mycoplasma gallisepticum infection (Vitula et al. 2011). 
We may predict that among the positively selected sited, those harbouring the non-conservative 
amino acid substitutions with potentially dramatic changes in the receptor physicochemical 
properties, may have the most important functional impact. On interspecific level, we detected most 
of such non-conservative positively selected sites in two bacteria-sensing avian TLRs (TLR2A and 
TLR4) with highly variable ligands known in mammals. Interestingly, several potentially functional 
sites were shared between birds and mammals. However, the real functional effect of each of these 
positions must be experimentally tested. One way, how to do this, is to measure signalling activation 
potential of the recombinant receptors (differing in only one target amino acid) expressed in model 
cells and stimulated with a standard ligand panel under in vitro conditions. 
Furthermore, we focused on TLR protein phenotypic evolution that may mirror the imprints of the 
ongoing or past pathogen-mediated natural selection. Although, we confirmed that avian TLRs are 
interspecifically very conservative in both their secondary and tertiary structures, we described 
significant differences in various surface characteristics, mainly in the electrostatic potential. The 
most important physicochemical changes we found in the ligand binding regions, which functionally 
differentiates individual groups of avian species. The intracellular part of TLRs responsible for 
molecular signalling remained interspecifically conserved. Based on our results, it also appears that 
there might be an ongoing convergent evolution in the TLR surface charges between birds and 
mammals. In passerine TLR4 we revealed distinctive variation in the patterns of the surface charge 
distribution, which enabled us to divide all the investigated species into four clearly separated 
clusters. Unfortunately, we did not succeed in identifying any ecological explanation for these 
clusters. While partially the clusters reflected the phylogeny, an important part of the variation 
remained unresolved. 
Major disadvantage of studying host-pathogen system in birds is, that we know only a little about 
wild bird’s pathogens. To test the responsiveness of the host’s immune system regardless on any 
specific pathogens, ecological immunology is using various in vivo tests. The PHA skin-swelling test 
has been frequently adopted by researchers investigating free-living birds. We have designed an 
improved protocol for this test involving a cytokine mRNA expression profiling in skin. Comparing 
expression of cytokines involved in distinct regulatory immunological pathways, we were able to 
show that the test is directed mainly towards Th17 inflammatory immune response, rather than 
towards adaptive T-cell proliferation, as was previously assumed. This test may be later adopted with 
specific TLR ligands to describe the relationship between structural variability in TLRs and their 
capability to trigger an appropriate immune response. 
Taken altogether, the results reported in my doctoral thesis indicate strong positive selection driving 
TLR evolution in birds on both gene and protein levels. However, to better understand the real 
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significance of this adaptive evolution in avian TLR, further research is highly needed. Above, I have 
outlined some suggestions on the future way to take. Other possible directions of investigation may 
involve transcriptome sequencing applicable to revealing multigenic effects of TLR activation.  Finally, 
further research should describe the precise selective pressures shaping the TLR variability and 
repertoire. To resolve this question the researchers will need to focus more also on pathogens in the 
wild birds. The current lack of the quality pathogen data may be the reason, why studies 
investigating the relationship between the TLR variability and susceptibility to various diseases are 
missing in wild birds. In any case and without doubts, TLRs are crucial molecules of the avian immune 
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Velová H., Gutowska-Ding M. W., Burt D. W. & Vinkler M. (2018): Toll-like receptors in birds: gene 
duplication, pseudogenization, and diversifying selection. Molecular Biology and Evolution, 35(9): 
2170–2184. (IF2018= 14.797) 
This paper provides a comprehensive insight into evolution of avian TLR genetic variability. We 
analysed sequences of all members of the TLR family in 63 bird species covering all major avian 
clades. In its original state, avian TLRs consists of ten receptors adapted to specifically recognize 
distinct ligands. We described the story of avian TLR gene gain and gene loss. Our results indicate 
that duplication events in vertebrate TLR1 family have most probably occurred before Synapsids 
diversified from Sauropsids. Moreover, unlike in mammals, ssRNA-recognising TLR7 has duplicated 
independently in several avian taxa, while flagellin-sensing TLR5 pseudogenised multiple times in bird 
phylogeny. Our selection analysis revealed stronger positive diversifying selection acting in TLR5 and 
three-domain TLRs (TLR1A, TLR1B, TLR2A, TLR2B, TLR4) that face extracellular space and bind more 
complex ligands than in single-domain TLR15 and others endosomal TLRs (TLR3, TLR7, TLR21). Based 
on physicochemical properties and their location, we predicted particular amino acid substitutions 
which might have important effect on receptor function. Moreover, we found the evidence for 
convergent evolution acting between birds and mammals at many of that positions. They are thus 
key candidate positions in the receptors that have been very likely shaped by direct molecular host-
pathogen coevolutionary interactions and most probably play important functional role in birds. 
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Vinkler M., Bainová H. & Bryja J. (2014): Protein evolution of Toll-like receptors 4, 5 and 7 within 
Galloanserae birds. Genetics Selection Evolution 46:72. (IF2014= 3.821) 
In this paper, we focused on analysis of interspecific variability of three TLR (bacterial-sensing TLR4 
and TLR5 and viral-sensing TLR7) within the Galloanserae bird clade, including the investigation of 
their phylogeny, assessing structural conservation and estimating site-specific selection pressures. 
Based on the results of these analyses we revealed that the physiochemical properties of protein 
surface varied between the specific TLR, mainly regarding the surface electrostatic potential 
distribution. Moreover, the predicted ligand-binding features (mainly in two investigated bacteria-
sensing TLRs) differed between the avian proteins and their fish and mammalian counterparts, but 
also varied within the Galloanserae birds. This might be the evidence for different selective pressures 
caused by various pathogens. We also tested positive selection, described evolutionarily non-
conservative sites and predicted functionally important positions which might play crucial role in 
pathogen recognition of all these receptors in Galloanserae lineage. Based on our findings, the 
receptor variability appears to be functionally more conserved for viral-sensing TLR7 than for the 
bacterial-sensing TLRs. In general context the host-pathogen coevolution has a major effect on the 
features of host immune receptors. Our results suggest that avian and mammalian TLRs may be 
differentially adapted to pathogen-derived ligand recognition. We have detected signatures of 
positive selection even within the Galloanserae lineage. This study is the first one to depict 
evolutionary pressures on Galloanserae TLR, but also to estimate the validity of current knowledge 
on TLRs function (based on mammalian and chicken models) for non-model species of this clade. 
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Králová T., Albrecht T., Bryja J., Hořák D., Johnsen A., Lifjeld J. T., Novotný M., Sedláček O., Velová H. 
& Vinkler M. (2018): Signatures of diversifying selection and convergence acting on passerine Toll-like 
receptor 4 in an ecological context. Molecular Ecology, 27(13):2871–2883. (IF2018= 5.855) 
In this paper, we provide evidence of phenotypic variability in avian TLR4 ligand-binding region (LBR), 
which forms the direct interface between host and pathogen molecular structures. We sequenced 
this region in 55 passerine species using NGS approach and we subsequently measured the 
distribution of electrostatic potential on the surface of the receptor. This distribution varies 
substantially among species and moreover it clusters based on distinct patterns of the TLR4 LBR 
surface charge distribution. We also tested selection acting on this LBR and predicted potentially 
functionally important residues. Moreover, five of these positions co-determine identity of the 
charge clusters. Groups of species that host related communities of pathogens were predicted to 
cluster based on TLR4 LBR charge. Despite some evidence for convergence among taxa, there were 
no clear associations between the TLR4 LBR charge distribution and any of the general ecological 
characteristics compared (migration, latitudinal distribution and diet). Closely related species, 
however, mostly belong to the same surface charge cluster indicating that phylogenetic constraints 
are key determinants shaping TLR4 adaptive evolution. Our results suggest that host innate immune 
evolution is consistent with the Fahrenholz’s rule on co-speciation of hosts and their parasites. 
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Bainová H., Králová T., Bryjová A., Albrecht T., Bryja J. & Vinkler M. (2014): First evidence of 
independent pseudogenization of Toll-like receptor 5 in passerine birds. Developmental & 
Comparative Immunology 45(1):151-155. (IF2014= 2.815) 
Toll-like receptor 5 (TLR5) is a Pattern-recognition receptor responsible for microbial flagellin 
detection in vertebrates and, hence, recognition of potentially pathogenic bacteria. In this paper, we 
report emergence of TLR5 pseudogene in several phylogenetic lineages of passerine birds. Out of 47 
species examined in this study 18 possessed a TLR5 pseudogene. Phylogenetic analysis together with 
the type of mutation responsible for pseudogenization indicate that TLR5 pseudogene emerged at 
least seven times independently in passerines. Lack of any functional copy of the gene has been 
verified based on TLR5 mRNA blood expression in four species representing the four main passerine 
lineages possessing the TLR5 pseudogene. Our results suggest that the non-functional TLR5 variant is 
fixed in those lineages or, at least, that individuals which are homozygote in the TLR5 pseudogene 
are frequent in the investigated species. This is the first evidence of TLR5 pseudogenization in 
passerine birds. 
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Vinkler M., Bainová H., Bryjová A., Tomášek O., Albrecht T. & Bryja J. (2015): Characterization of   
Toll-like receptors 4, 5 and 7 and their polymorphism in grey partridge. Genetica 143(1):101-112.  
(IF2015= 1.343) 
In this paper, we identified orthologues of three innate immune receptors: TLR4, TLR5 and TLR7 
(representing both bacterial- and viral-sensing TLRs) in the grey partridge (Perdix perdix). To verify 
functionality in these genes we mapped their tissue-expression profiles, revealing generally high 
PePeTLR4 and PePeTLR5 expression in the thymus and absence of PePeTLR4 and PePeTLR7 
expression in the brain. Using target NGS, we then assessed genetic variation within these genes for 
a wild grey partridge population in the Czech Republic. We identified surprisingly only very limited 
genetic variation in all investigated receptors. Moreover, given their locations and chemical features, 
most of the non-synonymous substitutions probably have only minor functional impact. As the 
intraspecific genetic variation of the three TLR genes was low, we assume that either negative 
selection or a bottleneck may have reduced TLR population variability in this species. 
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Vinkler M., Svobodová J., Gabrielová B., Bainová H. & Bryjová A. (2014): Cytokine expression in 
phytohaemagglutinin-induced skin inflammation in a galliform bird. Journal of Avian Biology 
45(1):43–50. (IF2014= 1.971) 
In this study, we aimed to improve the understanding of the molecular mechanism triggering the 
response to frequently used immunological treatment - phytohaemagglutinin (PHA). Understanding 
of this mechanism is crucial to uncover the nature of ecological costs and benefits of investments 
into the immune response and thus to correctly test various ecological hypotheses. We examined the 
relationship between the magnitude of tissue swelling and cytokine expression (signalling molecules 
typically triggered by TLR activation). Our crucial finding was, that PHA skin-swelling test actually 
measures inflammatory processes (innate immunity), instead of T-cell proliferation (adaptive 
immunity) as was generally assumed previously. On the base of these findings, PHA-induced skin-
swelling test seems to be a useful tool for ecoimmunologist to investigate the trade-offs associated 
with regulation of inflammatory responses linked to innate immune receptor variability in birds. 
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